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ABSTRACT
This thesis presents a study of the reaction between an (NHC)gold(I) fluoride
complex (NHC = N-heterocyclic carbene) and alkynes (Chapter 1). Gold(I) and fluoride
add trans across the triple bond of 3-hexyne and 1-phenyl-l-propyne to form
(fluorovinyl)gold(I) complexes, with exclusive geminal arrangement between the phenyl
group and gold in the latter case. This addition is reversible, and the (fluorovinyl)gold(I)
complexes can extrude alkyne to return (NHC)gold(I) fluoride. Treatment of
(fluorovinyl)gold(I) complexes with strong acid protonates the vinylic group with strong
acid to afford trans-hydrofluorination. The same fluoroalkene product is obtained by
treatment of an (1i2-alkyne)gold(I) complex with the mild HF source Et3N*3HF.
Cationic (NHC)gold(I) complexes catalyze the trans-hydrofluorination of internal
alkynes with Et 3N*3HF (Chapter 2). Sterically demanding, electrophilic supporting
ligands and the presence of acid buffers improve reaction efficiency. A study of aryl-
substituted alkynes suggests that electron-poor aryl groups favor shorter reaction times
and higher regioselectivity of fluorination.
A heavily fluorinated phenanthroline ligand supporting a cationic copper(I)
catalyst allows efficient functionalization of C-H bonds using sulfonyl azides (Chapter
3). Performing the reaction in 1,1,1,3,3,3-hexafluoroisopropanol solvent is crucial. The
intramolecular cyclization of sulfonyl azides through nitrene insertion into proximate
benzylic or aliphatic C-H bonds is established, and efficient intermolecular arene
amidation was achieved. The best yields result from using electron-rich substrates and
electron-poor azides. A small kinetic isotope effect measured for the amidation of
benzene indicates that C-H bond activation is probably not the rate-determining step.
The presence of a 1,2-shift is consistent with an electrophilic mechanism for arene
activation. The formation of both aryl- and benzyl-substituted products from mesitylene
indicates that different reaction pathways may compete in the electrophilic amidation
process.
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Title: Associate Professor of Chemistry
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Chapter 1:
Stoichiometric C-F formation by N-heterocyclic
carbene gold(I) complexes
INTRODUCTION
Many important pharmaceuticals, fine chemicals, and chemically resistant
materials contain C-F bonds.' Despite the importance of this functionality, methods to
form C-F bonds usually involve harsh reaction conditions or are limited in substrate
scope. The use of metal catalysts may allow the use of milder reaction conditions and
less-harsh reagents, and lead to a broader substrate scope. The development of efficient
catalysts would be aided by understanding the stoichiometric steps that compose a metal-
mediated carbon-fluorine bond-forming cycle. This chapter presents the stoichiometric
chemistry of N-heterocyclic-carbene-supported gold(I) compounds [(NHC)Au(I)], and
their use in the synthesis of carbon-fluorine bonds. The reversible insertion of alkyne
substrates into gold-fluorine bonds is characterized.
Metal-mediated C-F bond breaking. Homogeneous C-F activation by
transition metal compounds has been widely studied, and in some cases metal fluoride
intermediates have been isolated and the reaction rendered catalytic by transferring the
fluoride ligand to a fluorophilic substrate. 2-6 Carbon-fluorine bonds are traditionally quite
strong (522 kJ/mol), but they can be labilized through coordination of organic moieties to
transition metals. Metal-bound -CF 3 groups coordinated to strongly 7n-donating metals
can eliminate fluoride from a C-F bond,7 9 with 7L-donation from the metal stabilizing
the resulting difluorocarbene. Caulton and coworkerslo found that a-fluoride abstraction
from a ruthenium-bound -CF 3 group is reversible while treating RuHF(CF 2)(CO)L 2 with
NCCH3 to capture RuH(CF3)(NCCH 3)(CO)L 2. Hughes and coworkers" also saw a-
fluoride elimination after reduction of Cp*Ir(CO)(CF 2RF) [RF = F, CF3, CF 2CF 3] (Figure
1). Notably, Cp*Ir(CO)(CH 2CF2RF), lacking a-fluorides, eliminated a 03-fluoride upon
reduction of the metal to give hydrofluoroalkene (Cp*Ir(CO)(H 2C=CFRF).
Cp\ KC8  Cp\ F
Jr-CF2  o •,r
OC RF - I-, - F- OC RF
F
Cp* F~-R KC8  Cp. F
Ir-CH2  -r7
Oc - I-,- F OC C RFH2
Figure 1. RF = F, CF3, CF2CF 3
Stoichiometric metal fluoride chemistry. The reactive nature of late transition
metal-fluoride bonds has been attributed to filled pnt-da interactions, and to electrostatic
aspects of the bond between a "soft" transition metal and the "hard" fluoride ion.12- 13 In
many cases, fluoride can be displaced from the metal center by a Lewis base. In 1995,
Bergman and coworkers 14 synthesized Cp'Ir(PMe3)(aryl)F { Cp = C5Me5 or C5Me4Et; aryl
= Ph or p-tolyl }. They found that treatment of this series of compounds with phosphines
or pyridines (L) can displace fluoride to form [Cp'Ir(PMe 3)(aryl)L]F. In aprotic solvents,
the equilibrium favors the neutral fluoride compound, but in the presence of H20 (which
can H-bond to F-, decreasing its effective basicity), fluoride displacement is
thermodynamically favored. The basicity of a late-metal-bound fluoride is illustrated by
the work of Wendt and coworkers, 15 who treated trans-[(Ph3P)2Pt(F)Ph] with
phenylacetylene to obtain the acetylide complex trans-[(Ph3P)2Pt(C-CPh)Ph] with loss of
HF. Stoichiometric addition of AgF to a very electron-poor alkyne was reported by Miller
and coworkers,16 marking an early example of a labile late-transition-metal-fluoride bond
reaction to produce a carbon-fluoride bond.
Metal-mediated C-F bond formation. Perhaps the simplest cases of metal-
promoted C-F bond formation entail metal-assisted delivery of F in solution. Several
main group metalloid compounds of the formula R3MF (M = Sn, Si, Pb, Ga) have been
used by M4kosza and Bujok 17- 18 as phase-transfer catalysts for nucleophilic fluoride,
reacting with KF to form soluble hypervalent R3MF2 compounds which subsequently
fluorinate alkyl bromides. High oxidation state binary metal fluorides (ReF 6, OsF 6, IrF6,
RuFs) can coordinate strongly to dichloromethane and effect halogen exchange.' 9
Catalytic displacement of halides from organic substrates was achieved by Mezzetti and
coworkers, 20 who found that [RuCl(dppe) 2]PF6 catalytically fluorinated tertiary alkyl
halides and benzylic halides using TIF as the fluoride source (Scheme 1).
Scheme 1.
-\I + PF6-
Ph 2P. PPh2RPhPu-CI
Br Ph"PPh2  F
Ph P*,•ph + TIF _ ___ Ph__P h
-TIBr
In 1998, Grushin and coworkers21 studied the chemistry of (Ph3P)2Pd(F)Ph and
related complexes. While complexes were stable in aprotic solvents, the presence of
water in solution facilitated loss of fluoride through hydrogen-bonding. Likewise, the
treatment of (Ph 3P)2Pd(F)Ph with halides in dichloromethane displaced "naked" fluoride
into solution. These complexes with [F-M-R] fragments are of particular interest because
they have the potential to reductively eliminate F-R. Heating (Ph 3P)2Pd(F)Ph resulted in
P-F bond formation to form Ph3PF2, but addition of CO led to reductive elimination of
FCOPh via a (Ph3P)2Pd(COPh)F intermediate. In another palladium-based study,
Yandulov and coworkers22
reason that incorporation of the larger phosphine into the metal complex favors the
formation of a three-coordinate, terminal palladium fluoride, with subsequent reductive
elimination of the aryl-fluoride bond.
The bulk of metal-catalyzed fluorination of C-H bonds take advantage of highly
activated substrates. 23 The Cahard,24 Sodeoka,2 5 and Togni 26 groups studied the attack of
electrophilic fluoride sources on metal-bound enolates to effect the fluorination of
activated C-H bonds (Scheme 2). These reactions could be rendered catalytic and
enantioselective.
Scheme 2.
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An elegant use of substrate directing groups was found by Sanford and
coworkers, 27 who used electrophilic fluoropyridinium reagents and catalytic Pd(OAc)2 to
fluorinate aromatic and benzylic C-H bonds proximal to pyridine groups (Scheme 3).
Accessible fluorides from NHCs. N-Heterocyclic carbenes (NHCs) are versatile
ligands and have a variety of attractive qualities. In general, NHCs form strong o-bonds,
and substituents on the 4- and 5- positions of the heterocycle can affect the strength of
this electron donation. Variation of the N-substituents can also affect donor strength, as
well as altering the fan-like steric bulk of the ligand.
Scheme 3.
N/-F BF4
S \\(1.5 equiv)
Pd(OAc)2 (0.1 equiv)
H F
Previous work in the Sadighi group2 8 demonstrated that (SIPr)CuF (SIPr = 1,3-
bis(2,6-diisopropylphenyl)imidazolin-2-ylidene) fluorinates iodonaphthalene and p-nitro-
iodobenzene in low yield when CsF is used as a fluoride source. The Sadighi group also
reported the synthesis and characterization of (SIPr)AuF (1), the first isolable gold(I)
fluoride. 29 The near-linear C-Au-F bond angle of 177.22(9)0 is consistent with the
tendency of gold(I) to form linear compounds. Density functional calculations
determined that a partial charge of -0.77 resides on the fluorine atom, indicating that the
gold fluoride bond has a large ionic component.
This chapter presents the stoichiometric chemistry of electrophilic NHC-
supported gold(I) compounds and their use toward the synthesis of carbon-fluorine
bonds. In addition, the reversible insertion of alkyne substrates into the gold(I)-fluoride
bond of 1 is characterized.
RESULTS AND DISCUSSION
Insertion of alkyne into Au-F. When (SIPr)AuF (1) is dissolved in CH2C12 with
a 150-fold excess of 3-hexyne, a new triplet asppears in the 19F NMR spectrum at 6 -95.5
ppm (J = 21 Hz) with disappearance of the starting gold fluoride peak at 6 -247.0 ppm.
The new product peak is assigned to (fluorovinyl)gold species 2a (Scheme 4).
Scheme 4.
F
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A 50-fold excess of 1-phenyl-l-propyne also allows full conversion of 1 to a
(fluorovinyl)gold species 2b (Figure 2). The resulting quartet resonance at 6 -81.4 ppm (J
= 15 Hz) in the 19F NMR spectrum is consistent with 3-bond coupling between the
fluorine atom and the methyl hydrogens, suggesting a geminal arrangement between the
phenyl group and gold. X-ray quality crystals of this product were grown by dissolving
(SIPr)AuF in a 1:1 mixture of CH2C12 / 1-phenyl- 1-propyne and adding pentane by vapor
diffusion at -40 oC.30
Organometallic fluorovinyl species are not rare, 31 however they are often unstable
thermally. Only a few examples of (fluorovinyl)gold species are known, all of them
stabilized against 13-fluoride elimination by the presence of other halogens in the vinyl
group.32 In 2b, the carbene-gold bond distance is 2.014(3) A and the gold-vinyl distance
is 2.043(3) A. The near-linear C(1)-Au(1)-C(31) bond angle of 176.30(10) ° is not
unexpected, and the C(31)-C(38) bond distance of 1.329(9) A is typical of a vinylic
double bond. The gold-vinyl bond distance is similar to that of
(Ph3P)Au[C(CH3)=C(H)CH3 32c (2.004(7) A), and is slightly shorter than those of the
halogenated vinylgold compounds32a [(Ph3P)Au(CF=CF2)] (2.028(9) A) and
[(Ph 3P)Au(CCl=CF 2)] (2.026(10) A). Similarly, the C=C bond length was closer to that
of (Ph3P)Au[C(CH3)=C(H)CH 3] (1.327(17) A) than to those of the halogenated
complexes cited above (1.297(14) A and 1.281(15) A, respectively).
Figure 2. X-ray crystal structure of insertion product 2b, shown as 50% ellipsoids.
Hydrogens and solvent CH 2Cl2 are omitted for clarity.
Table 1. Selected Bond Lengths ( A) and Angles (0) of 2b
Au(1)-C(1) 2.014(3) C(1)-Au(1)-C(31) 176.36(10)
Au(1)-C(31) 2.043(3) C(38)-C(31)-Au(1) 119.2(8)
C(31)-C(38) 1.329(9) C(32)-C(31)-Au 117.7(6)
C(38)-F(1) 1.400(10) C(32)-C(31)-C(38) 123.1(10)
Compounds 2a and 2b are unstable in the absence of alkyne, and satisfactory
elemental analyses were not obtained. When volatiles are slowly removed over 30 min by
vacuum from a solution of 2a and 3-hexyne, the resulting white powder consists only of
(SIPr)AuF as assessed by 'H and 19F NMR spectroscopy. This observation indicates that
the insertion of 3-hexyne into the gold-fluoride bond is reversible. Likewise 2b, isolated
by crystallization, partially extrudes l-phenyl-1-propyne in CH 2C12, forming a mixture of
2b and 1 in a 32:64 molar ratio after 13 hours.
Analysis of the mixtures formed from different concentrations of 1 and 3-hexyne
at 20 'C gives an equilibrium constant of 2.7 ± 0.2 M- ' for the insertion of the 3-hexyne
(Scheme 1), corresponding to AGo = -0.58 ± 0.04 kcal/mol. The insertion of 1-phenyl-1-
propyne is thermodynamically more favorable, with Keq = 41.7 M -' (measured from one
experiment). The extrusion of 3-hexyne appears to be much faster than the extrusion of 1-
phenyl-1-propyne, as no pure sample of 2a was obtained.
P-Fluoride elimination from alkenes to form alkynes is not well established,
although evidence exists for the transient formation of fluoroacetylenes from
difluorovinyllithium. 33 McNeill and coworkers 34 demonstrated the insertion of acetylene
into (TPP)cobalt(III) halides (TPP = tetraphenylporphyrin). 35 The resulting trans-
halovinyl complexes had short vinyl C=C bonds and extruded acetylene to return the
original halides with relative rates of I > Br >> Cl (Figure 3). Competition studies
showed that bromide was replaced with chloride, explained in terms of an equilibrium
between the vinyl species and an alkyne-bound cationic metal species.
X H
H ,H + HCECH + HCECH I +
IColTPP - HC CH ICol CIolIC TPP HCH TPP TPP
X = I, Br, CI X=F
X X-
R-R 4 R R
M *M
Figure 3. [Co]Tpp = (tetraphenylporphyrin)cobalt(III)
To determine the effect of protic additives, the reversion of 2b to 1 and 1-phenyl-
1-propyne was monitored in the presence of 2-propanol (0.05 equivalent). We reasoned
that H-bond donors in solution could stabilize an incipient fluoride ion during
elimination, facilitating the extrusion of alkyne. A solution of 2b : 1 (95 : 5)36 showed
less than 2% change after 3.5 hours, but a solution in the presence of 5% 2-propanol was
composed of 82 : 18 2b : 1 after 3.5 hours, with the total integration of fluoride
resonances unchanged by 19F NMR. While it is unknown whether the addition of 2-
propanol affects the equilibrium constant (1 decomposes in CH2C12 on the timescale of
the reaction), the addition of alcohol does accelerate the extrusion of alkyne.
Scheme 5.
F
Et Et 0 0
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Reactions of (fluorovinyl)gold species. No change in the 19F NMR spectra was
observed when 2a (in the presence of excess 3-hexyne) was placed under CO 2. However,
protonation of 2a with trifluoroacetic acid in the presence of excess 3-hexyne led to the
production of (SIPr)Au(O 2CCF3), confirmed by independent synthesis, and the
appearance of a triplet at -97.2 ppm in the '9 F NMR spectrum. This chemical shift is
consistent with those of other internal fluoroalkenes, 37 leading us to assign this peak to 3-
fluoro-3-hexene, formed in >95% yield relative to a hexafluorobenzene internal 19F
standard (Scheme 5). The JF-H coupling (J = 38 Hz) is consistent with the exclusive
production of the Z-isomer over the E-isomer.38
Scheme 6.
F
92% Au +Et E Et
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The protonolysis of a 1 : 11 mixture of 2a : 1 (formed by treating 1 with one
equivalent of 3-hexyne) with HO2CCF3 (1 equiv) produces (Z)-3-fluoro-3-hexene in 10%
yield by 19F NMR internal standard (Scheme 6). The similarity of this yield to the
equilibrium fraction of fluorovinyl complex suggests that alkyne insertion into the gold-
fluoride bond is a prerequisite for hydrofluorination under these conditions. After several
hours, a 19F NMR peak at 8 -125 ppm is observed, suggesting that HF produced in situ
etches glass to produce SiF6- in preference to hydrofluorinating alkyne. 39 Other major
products observed by NMR are (SIPr)AuO 2CCF3 (80%), free 3-hexyne, and a small set
of peaks in the 'H NMR spectrum consistent with the presence of an (rl2-alkyne)gold(I)
complex.
Synthesis and reactivity of (q12-alkyne)gold(I) complex. The trans-addition of
fluoride and gold(I) across a triple bond to form 2a or 2b could occur by direct insertion
into the metal-fluoride bond, or it could proceed via displacement of fluoride from 1 by
alkyne, followed by nucleophilic addition of fluoride to the resulting cationic (112_
alkyne)gold(I) complex. This complex was observed after the protonolysis reactions
described above, and it can be synthesized in 81% yield via the metathesis of (SIPr)AuCl
and AgBF 4 in the presence of 3-hexyne to produce [(SIPr)Au(rl2-hexyne)][BF 4] (3a).
Figure 4. X-ray crystal structure of 3b, shown as 50% ellipsoids. Hydrogens and BF4-
are omitted for clarity.
Table 2. Selected Bond Lengths (A) and Angles (o) for 3b
Values from two structures within twinned crystal
C(102)-C(103) 1.223(9) 1.218(9) C(102)-C(103)-C(104) 163.4(8) 165.1(8)
Au(I)-C(1) 2.002(7) 1.992(7) C(103)-C(102)-C(101) 171.3(8) 172.0(8)
C(102)-Au(1) 2.211(8) 2.200(7) C(1)-Au(1)-C(103) 169.5(3) 170.2(3)
C(103)-Au(1) 2.207(7) 2.199(7) C(1)-Au(l)-C(102) 158.0(3) 157.6(3)
This compound is of particular interest because many studies of gold-based
nucleophilic additions to alkynes posit a gold-bound alkyne as an intermediate. However,
to date there are few isolated monomeric examples of a single alkyne binding 1r2 to
gold(I).40 X-Ray quality crystals of 3a were not obtained, but basic connectivity for the
analogous 1-phenyl-l-propyne complex 3b is established (Figure 4). At 1.223(9) A the
unsaturated C-C bond length of 3b is close to that of a free alkyne, suggesting that back-
bonding by gold into the alkyne n* system is limited. Complex 3a was stable for two
weeks at room temperature, and decomposed slowly in CH 2C12 over several days. This
stability is far greater than that of alkyne-free (IPr)Au(BF 4).41
F
Et - E -E - F4 BF min F Et> Et
Au + [PNP]F Au + Au + Et Et
SIPr SIPr SIPr
12:1
Figure 5. [PNP] = [(Me2N)3P=N+=P(NMe2)3]
Treatment of 3a with the CH2C12-soluble nucleophile { [(Me3N)3P]2N}F results in
the net displacement of coordinated 3-hexyne and the reestablishment of equilibrium
between 1 and 2a (Figure 5). This reaction is rapid, and it is not known whether 1 is
obtained from direct displacement for the alkyne, or via the formation and subsequent
decomposition of 2a.
Scheme 7.
Et--Et - I + BF4" F F
Au + [HF] Et Et Et Au
SlPr CH2CI2, 2 h SIPr
3a i
[HF] 3-fluoro-3-hexyne, % 1, %
[Bu 4N][HF2] 81 23
[Et3NH][H 2F3] 66 not detected
Treatment of 3a with soluble HF sources results in incomplete hydrofluorination
(Scheme 7). Treatment of 3a with [Bu 4N][HF 2] led to several ligand-based products, but
both (Z)-3-fluoro-3-hexene and 1 were detected by '9F NMR. The use of Et3N*(HF)3 (1.0
mol equiv) resulted in the partial hydrofluorination of the bound alkyne substrate (64%
relative to BF4-). Complete conversion of the bound alkyne to fluoroolefin was not
achieved with additional Et3N*(HF) 3.
While some decomposition and free 3-hexyne are observed in all reactions,
[(SIPr)Au(NEt 3)]÷ is identified as a major side product in the reactions performed with
Et3N*(HF)3. Treatment of independently synthesized [(SIPr)Au(NEt 3)][BF 4] with 3-
hexyne results in no reaction, indicating the relative strength of the triethylamine ligand.
Incipient triethylamine in the Et3N*(HF)3 reactions may be displacing bound alkyne and
preventing hydrofluorination.
CONCLUSIONS
Addition of [HF] to {(SIPr)Au[rl2-(3-hexyne)]}BF 4 produces (Z)-3-fluoro-3-
hexene in 20-66% yield. This reaction can be achieved in a higher yield by treating
(SIPr)AuF with 3-hexyne to form (SIPr)Au[C(Et)=C(F)Et], followed by protonolysis of
the resulting (fluorovinyl)gold(I) complex. The insertion of alkynes into (SIPr)AuF is
reversible, representing a new type of metal fluoride reactivity and a promising entry to
more general metal-mediated carbon-fluorine bond formation
EXPERIMENTAL
General Considerations. All reactions were carried out using standard Schlenk
techniques under an argon atmosphere, or in an Innovative Technologies glovebox under
an atmosphere of purified nitrogen unless stated otherwise. Reactions were carried out in
flame-dried glassware cooled under vacuum. Elemental analyses were performed by
Desert Analytics, Tucson, AZ, or Atlantic Microlab, Inc., Norcross, GA. Anhydrous
dichloromethane and hexanes were purchased from Aldrich in 18-L Pure-PakTM solvent
delivery kegs and sparged vigorously prior to use. The solvents were further purified by
passage through two packed columns of neutral alumina under argon pressure.
Infrared spectra were recorded on an IR Nicolet Impact 410 spectrometer on KBr
pellets and are reported in cmn'. 'H and 13C NMR spectra were recorded on Varian 300
MHz, Varian 500 MHz, or Bruker 400 MHz instruments with shifts reported relative to
the residual solvent peak. 19F NMR spectra, recorded on a Varian 300 MHz spectrometer,
are referenced with respect to an external standard of neat CFCl3. CD2C12 (Cambridge
Isotope Laboratories) was dried over CaH2, degassed by three freeze-pump-thaw cycles,
and vacuum-transferred prior to use. Trifluoroacetic acid (Oakwood), silver
trifluoroacetate (Strem), silver tetrafluoroborate (Strem), and triethylamine
trihydrofluoride (Aldrich) were purchased and used as received. Fluorobenzene (Aldrich)
and a,a,a-trifluorotoluene (Aldrich) were dried over activated 3A molecular sieves and
vacuum-transferred prior to use. Alkynes (Aldrich) were dried over NaBH 4 and vacuum-
transferred prior to use. The following compounds were synthesized according to
literature procedures: [(Me2N)3P]2NF-,42 (SIPr)AuF,29 and (SIPr)AuOt-Bu.29
F
Et Et
Au
Ar'N/N -Ar
Ar = 2,6-(i-Pr)2C6H3
Reaction of (SIPr)AuF with 3-hexyne: Generation of 2a. (SIPr)AuF (0.0296 g,
0.0444 mmol) was dissolved in CD 2C12 (0.6 mL) with fluorobenzene (0.0040 mL, 0.043
mmol) as internal standard. 3-Hexyne (0.750 mL, 6.60 mmol) was added, and after 10
minutes a product peak was observed at -95.5 ppm (t, J = 21 Hz) (2a) in the 19F NMR
spectra corresponding to >95% conversion of the gold fluoride.
Reaction of 2a with HO2CCF3. A solution of 2a (0.055 mmol) in 3-
hexyne/CH 2Cl2 was generated according to the method described above with
fluorobenzene (0.0050 mL, 0.053 mmol) as the internal standard. HO 2CCF3 (0.0060 mL,
0.081 mmol) was added and within ten minutes the 19F NMR spectra indicated >95%
conversion of 2a to (Z)-3-fluoro-3-hexene and (SIPr)AuO2CCF 3.
Reversion of 2a to (SIPr)AuF. A solution of 2a prepared as described above was
transferred to a dry resealable Schlenk tube, and volatiles were slowly removed under
vacuum to afford a white powder. The powder was dried for 2 h under vacuum. 1H and
'
9F NMR spectra were identical to (SIPr)AuF.29
Determination of equilibrium constant for formation of 2a. In a typical
experiment, a solution of 1 (0.027 g, 0.045 mmol) in CD2Cl 2 (0.60 mL) with
fluorobenzene (5.0 tL) present as internal standard was loaded into a J. Young NMR
tube. 3-Hexyne (0.020 mL, 3.9 equiv) was added, and the tube was shaken thoroughly
and allowed to stand for several hours at room temperature. The equilibrium constant was
then calculated based on the integration of the 1 and 2a resonances relative to the
fluorobenzene resonance in the 19F NMR spectrum, and based on the integration of 3-
hexyne relative to 1 in the 'H NMR spectrum.
Table 3. Equilibrium data for mixtures of 1 and 2a
Initial ratios
1 (equiv) 3-hexyne (equiv)
1 0.49
1 1.2
1 2.0
1 3.9
1 7.9
Observed after 3 h
[2a] [1] [3-hexyne] Keq
0.005 0.068 0.03 2.4
0.0012 0.024 0.033 2.5
0.011 0.040 0.10 2.8
0.033 0.044 0.26 2.8
0.048 0.028 0.59 2.9
Reaction of 1 with 3-hexyne and HO2CCF3. A solution of (SIPr)AuF (0.039
mmol) and a,a,a-trifluorotoluene (0.0020 mL, 0.016 mmol) was prepared in CD2C12 (0.6
mL) in a dry J. Young NMR tube. After the addition of 3-hexyne (0.0050 mL, 0.043
mmol), both (SIPr)AuF (0.033 mmol) and 2 (0.0029 mmol) were observed in the 19 F
NMR spectra. The NMR tube was uncapped, and HO2CCF3 (0.0032 mL, 0.042 mmol)
was added. The headspace of the tube was purged with argon, and the tube was then
resealed. 'H and 19F NMR spectra indicated the presence of (SIPr)AuO2CCF3 (0.030
mmol) and (Z)-3-fluoro-3-hexene (0.0039 mmol), as well as evidence of glass etching
from HF (6 19F = -151.8 ppm).
Au
Ar-N-%N-Ar
Ar = 2,6-(i-Pr)2C6 H3
Preparation of (SIPr)Au(C(Ph)=CFCH3) (2b). X-ray quality crystals of
(SIPr)Au(C(Ph)=CFCH 3) were grown at -40 'C under a nitrogen atmosphere by vapor
diffusion of pentane into a solution of (SIPr)AuF in 1:1 CH2C12/1-phenyl-l-propyne. The
crystals were collected via filtration in air, and then dissolved in CD 2Cl 2 (0.60 mL). IH
and 19F NMR spectra were taken within 5 minutes. 'H NMR (300 MHz, CD2C12): 8 7.43
(t, J = 7.8 Hz, 2 H, p-CH), 7.26 (d, J = 7.8 Hz, m-CH), 6.72-6.90 (m, 5 H), 4.04 (s, 4 H,
CH 2), 3.11 (sept, J = 6.8 Hz, 2H, CH(CH3)2), 1.50 (d, J = 15.9 Hz, 1 H, CFCH3), 1.31-
1.38 (m, 24 H, CH(CH3 )2). 19F NMR (282 MHz, CD 2C12): 8 -81.4 (quart, J = 15.2 Hz).
The 'H and 19F NMR are included below as a measure of purity (Figure 6). After 25
minutes no change was observed in the spectra. However, after 110 minutes both
(SIPr)Au[C(Ph)=CFCH 3] (93%) and (SIPr)AuF (7%) were observed by 'H and 19F NMR.
1-Phenyl-1-propyne was observed in the 'H NMR spectrum. The solution was allowed to
sit for 13 h, when NMR spectroscopy showed a 32:68 ratio of (SIPr)Au[C(Ph)=CFCH 3] :
(SIPr)AuF, a significant amount of 1-phenyl-l-propyne, and small amounts of side
products from the competing decomposition of (SIPr)AuF in CD 2CI 2 . An equilibrium
constant was measured according to the same method as 2a.
Table 4. Equilibrium data for mixtures of 1 and 2b
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Figure 6. (a) 'H and (b) '9F NMR spectra of 2b in CD 2C12.
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Au
Ar-N~-N-Ar
Ar = 2,6-(i-Pr)2CeH3
(SIPr)AuO2CCF3. Under benchtop conditions, silver trifluoroacetate (0.022 g,
0.010 mmol) was added to a solution of (SIPr)AuCl (0.057 g, 0.091 mmol) in 5 mL
CH 2C12. The solution was stirred for 1 h in the dark. White precipitates were removed by
filtering the mixture through a Celite plug, and the filtrate was concentrated under
,J
vacuum to yield a white powder (0.045 g, 0.065 mmol, 72%). 'H NMR (300 MHz,
CD 2C12): 6 7.45 (t, J = 7.6 Hz, 2 H, p-CH), 7.25 (d, J = 2.7 Hz, 4 H, m-CH), 4.1 (s, 4 H,
CH 2), 3.04 (sept, J = 6.8 Hz, 4 H, CH(CH3 )2 ), 1.42 (d, J = 6.9 Hz, 12 H, CH 3), 1.34 (d, J
= 6.9 Hz, 12 H, CH3). 13C NMR (126 MHz, CDC13): 6 188.3 (NCN), 161.1 (q, J= 36 Hz,
CCF 3), 147, 134, 130, 125, 117.9 (q, J = 291 Hz, CF 3), 53.6 (CH 2), 29.2 (CH), 25.2
(CH 3), 24.4 (CH 3). 19F NMR (282 MHz, CD2C12): 6 -74.0. IR: 2968, 2361, 1707, 1505,
1279, 1188, 1141, 805, 728. Satisfactory elemental analysis of this complex was not
obtained. Below are the 'H and 13C NMR spectra as a measure of purity.
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Figure 7. (a) 'H NMR spectrum of (SIPr)AuO2CCF3 in CD 2C12 (b) 13C NMR spectrum
in CDC13.
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Au
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Ar = 2,6-(i-Pr)2CeH3
[1,3-bis(2,6-diisopropylphenyl)imidazolin-2-ylidene]gold(q -3-hexyne)
tetrafluoroborate (3a). Under nitrogen atmosphere, silver tetrafluoroborate (0.057 g,
0.294 mmol) was added to a solution of (SIPr)AuCl (0.181 g, 0.292 mmol) and 3-hexyne
(0.050 mL, 0.438 mmol) in 3 mL CH 2C12. The reaction mixture was stirred for 10
minutes, precipitates were removed by passing the reaction mixture through a Celite plug,
and the filtrate was concentrated to 1 mL under vacuum. Hexane (3 mL) was added and
the resulting precipitate was collected by filtration and dried under vacuum, affording the
title complex. (0.178 mg, 0.236 mmol, 81%). IH NMR (300 MHz, CD 2C12): 6 7.46 (t, J =
7.8 Hz, 2 H, p-CH), 7.29 (d, J = 7.5 Hz, 4 H, m-CH), 4.28 (s, 4 H, NCH 2), 3.07 (sept, J =
6.9 Hz, 4 H, CH), 2.08 (quart, J = 7 Hz, 4 H, CH 2CH 3), 1.33-1.17 (m, 24 H, CH(CH3)2),
0.47 (t, J= 7.4 Hz, 6 H, CH 2CH 3). 13 C NMR (126 MHz, CD2C12): 8 199.2 (NCN), 147.5,
133.4, 131.2, 125.4, 87.7 (H2CCCCH 2), 54.8 (NCH 2), 29.5 (CH), 25.6 (CH(CH3)2), 24.4
(CH(CH3)2), 15.1 (CH2CH3), 13.4 (CH2CH 3). IR: 2957, 2100, 1588, 1513, 1462, 1281,
1051, 803, 760, 447. Anal. Calcd. for C33H48N2AuBF 4: C, 52.39; H, 6.40. Found: C,
52.40; H, 6.58.
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Figure 8. (a) 1H and (b) 13C NMR spectra of 3a in CD 2C1 2.
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Ar = 2,6-(i-Pr)2C6H3
{[1,3-Bis(2,6-diisopropylphenyl)imidazolin-2-ylidene]gold(triethylamine)}BF 4
Under nitrogen atmosphere, AgBF 4 (0.038 g, 0.192 mmol) was added to a solution of
(SIPr)AuC1 (0.100 g, 0.161 mmol) and Et3N (0.010 mL) in CH 2C12. The reaction mixture
was stirred for ten minutes, precipitates were removed by filtering the mixture through a
Celite pad, and filtrate was reduced under vacuum to a white powder, affording the title
complex. (0.0817 g, 0.105 mmol, 64%) 'H NMR (300 MHz, CD2Cl 2): 6 7.44 (t, J = 7.7
Hz, 2 H, p-CH), 7.28 (d, J = 7.5 Hz, 4 H, m-CH), 4.23 (s, 4 H, NCH 2CH2N), 3.02 (sept, J
= 6.9 Hz, 4 H, CH(CH3)2), 2.59 (quart, J = 7.2 Hz, 6 H, NCH 2CH3), 1.45-1.50 (m, 24 H,
CH(CH3 )2), 0.66 (t, J = 7.2 Hz, NCH 2CH3). 13C NMR (100 MHz, CDC13): 6 191.3
(NCN), 146.9, 133.8, 130.5, 122.6, 54.1 (NCH 2CH 2N), 51.3 (N(CH2CH3)3), 29.0
(CH(CH 3)2), 25.2 (CH(CH3)2), 24.4 (CH(CH3)2), 10.4 (N(CH2CH 3)3).
Reaction of 3a with [(Me 2N) 3P]2N F. A dry glass vial was charged with a
solution of 3a (0.0190 g, 0.0251 mmol) in CD2Cl 2 (0.6 mL). [(Me 2N)3P]2N'F (0.009 g,
0.03 mmol) was added, and the reaction solution was transferred to a dry J. Young NMR
tube. Within 10 minutes, both 1 and 2 are present in a 12:1 area ratio by '9F NMR.
Reaction of 3a with [Bu 4N][HF 2]. A solution of 3a (0.027 g, 0.033 mmol) and
a,a,a-trifluorotoluene (2.0 pL, 0.017 mmol) in CD 2Cl2 was loaded into a polyethylene
scintillation vial and the vessel was sealed with a polyethylene cone-lined cap.
[Bu 4N][HF 2] (8.4 mg, 0.030 mmol) was added, and the reaction mixture was stirred for
two hours in the dark. Integration of '9F NMR spectra peaks indicated that (Z)-3-fluoro-
3-hexene (0.026 mmol, 81% based on 3a) and 1 (0.0075 mmol, 23%) are present. 'H
NMR spectra indicated the presence of multiple ligand-based products in solution.
Reaction of 3a with Et3N*(HF) 3. Under a nitrogen atmosphere, 3b (0.0528 g,
0.0689 mmol) was dissolved in CD2C12 (0.8 mL). The solution was transferred to a 20-
mL polyethylene scintillation vial charged with a stir bar and the vessel was sealed with a
polyethylene cone-lined cap. Under air, the vial was uncapped, Et3N*3HF (0.0110 mL,
0.0669 mmol) was added directly to the solution, the headspace of the reaction vessel was
purged with argon for 10 seconds, and the vial was resealed. The solution was stirred for
1.75 h in the dark, and was then transferred to a dry NMR tube under air. 'H and '9F
NMR spectra indicated the presence of (Z)-3-fluoro-3-hexene (0.059 mmol, 64% relative
to BF4).
Crystallography. Experiments were performed on single crystals. A suitable
crystal was removed from the supernatant and transferred to a microscope slide coated
with mineral oil. The crystal was mounted in a cryogenic loop using the oil, frozen in a
nitrogen stream, and optically centered on the diffractometer. Low-temperature
diffraction data were collected on a Siemens Platform three-circle diffractometer coupled
to a Bruker-AXS Smart Apex CCD detector with graphite-monochromated Mo Ka
radiation (2 = 0.71073 A), performing (p- and co-scans. The structure was solved by
direct methods using SHELXS43 and refined against F2 on all data by full-matrix least
squares with SHELXL-97." All non-hydrogen atoms were refined anisotropically. All
hydrogen atoms were included into the model at geometrically calculated positions and
refined using a riding model. The CIF file for the unpublished 3b structure is available at
http://www.reciprocalnet.org/{ number 07045)
(SIPr)Au[C(Ph)=CFCH 3] (2b): Crystals were grown by vapor diffusion of
pentane into a solution of 2b in CH2C12/1-phenyl-l-propyne at -40 "C. The disordered
C9H8F ligand was refined with the help of similarity restraints on 1-2 and 1-3 distances
and displacement parameters as well as rigid bond restraints for anisotropic displacement
parameters. The ratio between the two components of the disorder was refined freely and
converged at 0.50(3). The target molecule co-crystallizes with one molecule of
dichloromethane per asymmetric unit. This dichloromethane molecule is almost certainly
disordered over several positions, however all attempts to parameterize this disorder
failed.
[(SIPr)Au(q12-1-phenyl-l-propyne)][BF 4] (3b): Crystals were grown by vapor
diffusion of pentane into a dicloromethane/1-phenyl-1-propyne solution of 3b at -40 'C.
The crystal is pseudo merohedrally twinned following the twin law 1 0 1 0 -1 0 0 0 -1.
One of the two independent BF 4 ions is disordered over two positions. The twin ratio
refined to 0.2214(8). The structure shows an overall high level of residual electron
density (both maxima and minima in the Fo-Fc map). While most of the residual electron
density is located near the two crystallographically independent gold atoms, there are two
significant maxima near carbon C(201) that cannot be explained with disorder of the
ligand.
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Chapter 2:
Catalytic hydrofluorination of alkynes
with N-heterocyclic carbene gold(I) complexes
INTRODUCTION
Monofluoroalkenes (-CF=CH-) are of particular interest in synthetic and
medicinal chemistry,' and have been studied as useful analogs to peptide bonds due to the
rigidity of the fluoroolefin bond, the steric similarity to peptide bonds, 2- 4 and the
resistance of this moiety to hydrolysis (Scheme 1).5
Scheme 1.
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Synthesis of monofluoroalkenes. Indirect routes to the -CF=CH- moiety
involve constructing a fluoroorgano- moiety, and then converting this group to
-CF=CH-. Desaturation of polyfunctional fluoroalkanes by reductive dehalogenation
(Figure 1) has been achieved both stoichiometrically and catalytically, and this strategy
frequently takes advantage of the tendency of metallofluoroalkanes (M-CH2CF 2R) to
undergo P-fluoride elimination. An early stoichiometric example by Schlosser and
coworkers6 employed simple hydrodefluorination of gem-difluoroalkanes with potassium
t-butoxide. Later, Johnson and coworkers effected the net vicinal reduction of a-chloro
gem-difluoroalkanes with zinc/copper mixtures.7 Base-promoted elimination of silyl
alcohol from 3-fluoro-p-silylalcohols to produce cis/trans mixtures of fluoroolefins has
also been accomplished.8 (In recent years, adapting the Horner-Wadsworth-Emmons
reaction to afford a-fluoroacrylates has also been achieved with stereospecificity. 9-10 )
F y F
R R -XY R
Figure 1. Desaturation of fluoroalkanes. Select examples: X = F, Y = H;6 X = Cl, Y = F;7
X = HO, Y = SiMe38
A second indirect route to fluoroalkenes (-CF=CH-) is the cross-coupling of
fluorohaloalkenes (-CF=CX-) or (fluorovinyl)metal compounds (-CF=CM-) with
suitable organometallic substrates. This strategy has been extensively developed for a
range of internal and terminal fluoroalkenes."-' 3 Protonolysis of the wide library of
(fluorovinyl)metal complexes is also a valid but metal-expensive route to fluoroalkenes. 14
Monofluorination of alkynes. The synthesis of halofluoroalkenes as precursors
for cross-coupling reactions is of particular interest as these species can be derived from
alkynes, and thus represent intermediates in the synthesis of monofluoroalkenes from
alkynes (Figure 2). A variety of benchtop-accessible sources of HF have been developed
in recent years, but few react selectively to fluorinate alkynes to alkenes. The synthesis of
many halofluoroalkenes' 5 circumvents this obstacle as activation of the alkyne with an
electrophilic halogen source renders the alkyne susceptible to selective fluorination with
mild nucleophilic reagents.
E+ ,E+  F- E R
R R RR /I-  RF=
Figure 2. Halofluorination of alkynes. E+ = electrophilic halogen
Still, a general synthesis of monofluorolefins by addition of HF to alkynes has yet
to be developed. Early synthesis of vinyl fluoride from acetylene and HF was
accomplished by Newkirk' 6 using catalytic mercury(II) chloride on activated carbon. Not
until the availability of relatively mild fluorinating reagents was introduction of HF into
alkynes to synthesize monofluoroalkenes achieved on the benchtop, when Cousseau and
coworkers' 7 treated electrophilic alkynes with [Bu4N][H2F3] (Scheme 2). They later
elaborated on their methods'8 to fluorinate electrophilic alkynes with inorganic salts CsF
or KHF2 as the fluoride sources and alkylammonium salts as phase transfer reagents.
Later, Olah and coworkers found that polymeric forms of HF such as pyridine*HFn=7_9
hydrofluorinate alkynes,19 but these reactions are not selective. Monofluoroalkenes are
detected in solution but undergo further hydrofluorination to gem-difluoroalkanes
(Scheme 2). Triethylamine trihydrofluoride (Et3N*3HF) has a lower HF content than
pyridine*HFn=7_9 and only reacts with alkynes in conjunction with an electrophilic
activating reagent, but this reagent has been used in the fluorination of alcohols and in the
synthesis of organometallic fluorides. 20
Scheme 2.
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Alkyne activation through gold-binding. Metal-based catalysis presents an
alternate strategy for activating alkynes to nucleophilic fluorination. One of our project
goals was to achieve alkyne fluorination through the use of electrophilic metal catalysts,
and thus avoid the subsequent chemistry required to convert fluorohaloalkenes to
fluoroalkenes.
Metal-(@l2-alkyne) interactions are primarily characterized by ligand-to-metal o-
donation and metal-to-ligand n-backbonding. In the case of d'o metal-(rl 2-alkyne)
complexes, electrostatic attraction and metal-to-ligand ni-backbonding dominate the
binding interaction, as the a-interaction of the complex is weakened by the interaction of
two filled orbitals. Still, d'0 metal complexes have been used extensively to facilitate
addition of nucleophiles to alkynes and olefins. Factors that contribute to better
nucleophilic attack include asymmetry of the substrate,2 1 basicity of the nucleophile, and
the electrostatic attraction between the metal and the alkyne.
As part of the recent surge in homogeneous gold-based catalysis,22 "soft" gold(I)
catalysts have proven to be particularly apt at the addition of nucleophiles to unsaturated
substrates to form C-C, C-N, and C-O bonds. 23 Teles and coworkers recently found that
[(R3P)Au]+ complexes catalyze the addition of water and alcohols to alkynes in good
yield and at low catalyst loading. 24 While over-addition to alkynes to obtain disubstituted
alkanes is certainly well-established, preferential reaction with alkynes over alkenes may
allow us a degree of control over reaction selectivity.
The mechanism of nucleophilic addition to gold-bound alkynes may vary widely
based on substrate and nucleophile. External nucleophilic attack on a gold-bound alkyne,
followed by protonolysis of the resulting gold vinyl at the metal-carbon bond, would
result in trans-addition of the proton and the nucleophile across an unsaturated carbon-
carbon bond. This selectivity was observed in catalytic reactions performed by
Echavarren and coworkers, 22a and in the stoichiometric addition of AgF across
hexafluoro-2-butyne performed by Miller.
25- 26
An alternate reaction mechanism favors displacement of the coordinated alkyne
by the nucleophile over outer-sphere attack. In Tanaka's amidation of terminal olefins, 27
the increased reaction efficiency correlating with decreased electron density of the
nucleophile suggested a mechanism involving pre-coordination of the nucleophile to a
cationic gold alkyne complex, followed by C-N bond formation (Scheme 3). Chabanas
and coworkers 28 found that ab initio calculations favored a similar route for the addition
of alcohols to alkynes, over external nucleophilic attack.
Scheme 3.
R H-Nuc
M rL - A u --- 1
R-Au
L-Au+
H I R
\l
L-Au-iII
IRS+ H-Nuc +
Nlir• I ' \
Nuc
it
L-Au- L-Au
H R R
Nuc = OCH 3; Chabanas et al.
= NAr; Tanaka et al.
Goals The previous chapter presented stoichiometric chemistry of (SIPr)AuF and
related compounds toward the synthesis of monofluoroolefins. We discovered that
treatment of (SIPr)Au(rl 2-3-hexyne)BF 4 (3a) with Et3N*HF 3 allowed the production of
(Z)-3-fluoro-3-hexene, whereas treatment of unbound alkyne with Et3N*HF3 did not. The
lack of gold(0) precipitation indicates that this reaction has catalytic potential. Here we
present the optimization of reaction conditions and the scope of substrate selectivity.
RESULTS AND DISCUSSION
Initial Results Note: All catalytic reactions were performed in polyethylene vials.
In reactions performed in borosilicate glass in the presence of Et3N*3HF, severe etching
of the vessel was visually assessed and 19F NMR peaks corresponding to SiF6- and BF4-
were observed.
Initial catalytic reactions (Scheme 4) were performed with a 1:1 ratio of
Et3N*3HF : 3-hexyne in the presence of 2.5 mol% (SIPr)Au(l 2-3-hexyne)BF 4 (3a) in
CH 2C12, and afforded (Z)-3-fluoro-3-hexene in modest yield (36%) as assessed by 19F
NMR spectroscopy using an internal standard. Slightly higher yield could be obtained
through the use of l-phenyl-l-butyne as substrate, with preferential fluorination at the 2-
position of the alkyne. In both cases alkyne substrate was still detected by GC-MS after
workup (see Experimental section for details), and longer reaction times did not improve
the reaction efficiency.
Scheme 4
Et3 N*3HF H Et- E
t ' +
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Catalyst screening. A quick screening of [(SIPr)AuL] catalysts followed using 3-
hexyne as substrate (Table 1). Ligands that strongly coordinate to the [(SIPr)Au] moiety
lead to poor turnover. The relatively high-yielding and easy-to-use (SIPr)AuOt-Bu
complex performed similarly to 3a, and was the catalyst of choice for further reaction
screening.
Table 1. Comparison of [(SIPr)AuL] catalysts.
Et3 N*3HF, 1 equiv F
[catalyst], 5 mol% Et
Et- Et Et
CH2CI2, 15 h
Catalyst (Z)-3-fluoro-3-hexyne (%)
3a 36
(SIPr)Au-F 36
(SIPr)Au-OtBu 33
(SIPr)Au-CI / AgBF 4  38
(SIPr)AuO 2CCF 3  25
[(SIPr)Au(NEt 3)]BF 4  27
(SIPr)Au-CI < 5
AgBF4  <5
Reaction conditions: 3-hexyne (0.40 mmol), Et3N*3HF (1 equiv), catalyst (2.5 mol%) in
CH2C12 (1.0 mL) for 15 h. Reaction progress was assessed by integrating 19F NMR
spectra peaks relative to an added internal standard of a,a,a-trifluorotoluene.
After optimizing the catalytic reaction conditions using (SIPr)AuOt-Bu as catalyst
(see Buffering the Reaction, page 43), a series of N-heterocyclic carbenes (NHCs) was
screened as supporting ligands for the gold-catalyzed hydrofluorination of 6-dodecyne.
All of these catalysts were generated in situ from a mixture of (NHC)AuCl / AgBF 4 / 6-
dodecyne (Table 2). While similar yields were obtained by using ligands of similar steric
bulk, only the chlorinated carbene 1,3-bis(2,6-diisopropylphenyl)-4,5-dichloroimidazol-
2-ylidene (clIPr) allowed complete consumption of 6-dodecyne. 29 NHCs with chlorinated
backbones have been shown to be less electron-donating than unhalogenated NHCs, 30
and the improved yield here is consistent with the improved performance of electron-poor
phosphine-supported gold catalysts over electron-rich phosphine-supported gold catalysts
in the addition of alcohols to alkynes. 23' 28 Neither (SIPr)CuOt-Bu nor (SIPr)AgBF 4
(generated in situ) allowed hydrofluorination in amounts detectable by 19F NMR,
suggesting that gold is the optimum group 11 metal choice for this catalysis.
Smaller supporting ligands led to poor catalytic turnover accompanied by
precipitation of gold metal. The steric bulk of SIMes or SICy (Table 2) may not
sufficiently stabilize [(NHC)AuL] ÷ in solution (where L is an alkyne or other
coordinating ligand), instead allowing disproportionation of the compound to
[(NHC)2Au]÷  and unstable aurates. Attempts to independently synthesize
{ (SIMes)Au[l2-(3-hexyne)]) BF4- and (SIMes)AuOt-Bu also lead to gold(0)
precipitation, along with a major product with 'H NMR peaks identical to
[(SIMes) 2Au]+.31
Table 2. Comparison of NHC supporting ligands
1.5 eq Et3N.(HF)31.0 eq KHSO40.1 eq PhNMe 2*HOTf
0.025 eq [M]/AgBF 4
n-C 5H11 -- n-C 5H1 1 (1.0 mL) 30 hr
CH2C 2 (1.0 mL), 30 hr
F
n-C 5H11
H
[M]
(SIPr)CuOt-Bua
(SIPr)AgCI
(Ph3P)AuCI
(ICy)AuCI
(SICy)AuCI
(SIMes)AuCI
(SIPr)AuCI
(SIPr)AuOt-Bu a
A11rPI( uri
% yield
n.d.b
n.d.b
3
3
3
15
77
72
89
SICy
SIMes
ICy
i-Pr i-Pr
i-Pr i-Pr
SIPr
" J.... .. i-Pr i-Pr
(cIlPr)AuCI 90 ii N N
rK P X = H; IPr
i-PrX -xi-Pr X = Cl; CIlPr
Reaction progress was assessed by integrating 19F NMR spectra peaks relative to an
added internal standard of a,a,a-trifluorotoluene, and by GC-MS. a) Catalysts with tert-
butoxide su porting ligands were used without addition of AgBF 4. b) Product was not
detected by F NMR.
Attempts to slow the decomposition of a representative small NHC-supported
gold compound [(ICy)Au]BF 4 by conducting the reactions at lower temperatures (0 oC or
-78 oC) did not prove fruitful. Although the precipitation of gold(0) particulates was
delayed, fewer than five turnovers were observed.
Solvent effects The hydrofluorination of 3-hexyne proceeded comparably in
CH 2C12, bromobenzene, and anisole, but reactions in coordinating solvents (THF,
acetonitrile) and in solvents that slowly react with Et3N*3HF (CH 30H, HOCH(CF 3)2)
only allowed trace fluorination. 32
I
While screening reactions with 1-phenyl-1-butyne as substrate, small amounts of
1-phenyl-2-butanone were detected by 'H NMR and GC-MS in the final reaction
solutions. Hydration of alkynes was accomplished quantitatively by Tanaka and
coworkers 27 in aqueous methanol at reflux; in our system treatment of 1-phenyl-1-butyne
with H20 and (SIPr)AuOt-Bu (5%) also results in hydration (40% after 15 h). The direct
addition of H20 to a catalytic reaction mixture lowered the yield of 3-fluoro-3-hexene
from 33% to 24%, 33 suggesting that alkyne hydration competes with hydrofluorination.
The use of dry CH 2C12 and alkynes minimized this side reaction, allowing the reactions to
be performed under benchtop conditions.
Buffering the reaction Early reaction conditions showed promise, but neither
increasing the catalyst loading nor increasing the amount of NEt3*3HF improved the
yield of 3-fluoro-3-hexene beyond 53% (Table 3). No evidence of catalyst decomposition
to gold(0) particulates was visually observed, suggesting that catalyst loss was not
limiting reaction efficiency. In fact, work-up of the reactions followed by removal of
volatiles lead to the recovery of [(SIPr)Au(NEt 3)]+ (identified by 1H NMR spectroscopy).
Independently synthesized [(SIPr)Au(NEt 3)][BF 4] is a poor but competent catalyst (Table
1), and its presence alone does not explain the incomplete reactions. However, adding as
little as 10% NEt3 (relative to substrate) to the catalytic reaction prevented
hydrofluorination.
Table 3.
Et3N*3HF F Et
Et - Et (SIPr)AuOt-Bu
CH2CI2 Et H
Reagents (Z)-3-fluoro-3-hexene
[Au] (mol %) Et3N-3HF (equiv); yield (%) equiv / [Au]
1 1 27 27
2.5 1 33 13
2.5 8 38 16
7 2.5 53 8
Reaction progress was assessed by integrating 19F NMR spectra peaks relative to an
added internal standard of a,a,a-trifluorotoluene,
We reasoned that as the reactions progress, consumption of equivalents of HF
increases the amount of NEt 3 relative to HF in solution (Scheme 5). Veyron and
coworkers34 synthesized different Et3N/HF mixtures and analogs and compared the rate
at which they fluorinate Ph(CH2)3OSO 2Me, finding that [Et4N]HF2 > Et3N*2HF >
Et3N*3HF.
Scheme 5.
- HFEt3NH* IF-H-F-H-FI -HF Et3 NH* IF-H-FI-
2 Et3NH+ IF-H-F-H-FI- + NE 3 Et3NH÷ IF-H-FI-
With the increasing basicity as the reaction progressed in mind, we explored the
effect of acid additives on the hydrofluorination reaction, as well as the viability of other
nucleophilic fluoride sources. Strongly acidic pyridine*HF reagents [py*(HF)7-9 and
py*HF] indiscriminately fluorinated alkynes to gem-difluoroalkanes in small yields under
our reaction conditions, and these products are likely derived by metal-free routes. 16 The
reagent [Bu 4N][H 2F3] did not fluorinate 1-phenyl-l-butyne, with or without acid
additives, despite the fact that it shares the same anion as Et3N*3HF. Finally, the
attempted in situ generation of HF from acids and insoluble KF or KHF 2 salts did not
lead to productive hydrofluorination.
Soluble acids, added to buffer the Et3N*3HF solution, tended to inhibit the
reaction; even small amounts (0.05-0.10 equiv) of [Et3NH][OTf], pyridine*HOTf, (2,6-
dimethyl)pyridineoHOTf, or HO 2CCF3 decreased reaction turnover. Some improvement
(Table 4) was found by adding 0.3-0.5 equivalents of the sterically bulky anilinium salt
N,N-dimethylanilinium triflate [Ph(Me) 2N*HOTfJ. One full equivalent of
Ph(Me)2N*HOTf inhibited catalysis, possibly through coordination of the conjugate base
to the catalyst.
Table 4.
Ph(Me) 2N*HOTf (eq) % yield
Et3N*3HF (1 equiv) 0 36
(SIPr)AuOt-Bu (2.5 mol%) F Et 0.1 38
Et Et Ph(Me) 2N*HOTf 0.3 50
CH 2CI2  Et H 1.0 22
0.1 a  62
Reaction progress was assessed by integrating 19F NMR spectra peaks relative to an
added internal standard of a,a,a-trifluorotoluene, a) Reaction was stirred over KHSO4
(1.0 equiv).
Increased yield was also obtained when the reaction was performed in the
presence of KHSO 4. Although the yield was insensitive to the added amount (0.2-2.0 eq)
of the sparingly soluble KHSO 4, a 54% yield of (Z)-3-fluoro-3-hexene was observed
using 2.5% (SIPr)AuOt-Bu. The use of KHSO 4 in conjunction with Ph(Me)2N*HOTf (0.1
equivalent) afforded a modest increase in yield of 3-fluoro-3-hexene to 62%. While
higher yield and complete conversion was not obtained using 3-hexyne as the substrate,
reaction optimization by varying condition of the hydrofluorination of 1-phenyl-1-butyne
(the better-performing substrate) finally led to complete consumption of starting material
in the presence of Et3N*3HF (1.5 equiv), KHSO 4 (1 equiv), PhNMe2*HOTf (0.1 equiv),
and (SIPr)AuOt-Bu (2.5 mol%). [These reaction conditions were used to study the effect
of varying the NHC supporting ligand of the catalyst, see page 42.]
To determine the contribution of KHSO 4 to the reaction, small-scale catalytic
reactions with and without added KHSO 4 were performed in CD2C12 and the resulting
mixtures examined by 'H NMR after 18 h (Figure 3). Neither reaction proceeded to
completion, as shown by the presence of 3-hexyne. In the unbuffered reaction the
majority of the gold catalyst is in the form of [(SIPr)Au(NEt 3)]+. However, in the
presence of KHSO 4 the majority of the gold catalyst is in the form of 3a. In the course of
buffering the reaction, KHSO 4 may prevent the formation of reaction-inhibiting
[(SIPr)Au(NEt3)]+.
A
A
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Figure 3. a) Unbuffered reaction. A = [(SIPr)Au(NEt 3)]+. b) Buffered reaction. 3a =
[(SIPr)Au(ri 2-3-hexyne)]+
Expanding Substrate Scope A number of alkynes were found to undergo gold-
catalyzed hydrofluorination under the optimized catalytic conditions including aryl-,
alkyl-, and heterocyclyl-substituted acetylenes (Table 5). Reaction progress was
monitored by GC-MS, and for acetylenes where RI # R2, the regioselective distribution of
products was assessed by integration of '9F NMR spectra peaks. In all cases, trans-
addition of HF is evidenced by the large vicinal JF-H coupling constant across the alkene
bond.
Complete consumption of 6-dodecyne and diphenylacetylene could only be
achieved with (c'IPr)AuCl / AgBF 4 as the catalyst. In the case of diphenylacetylene, high
reaction concentration was essential to achieve complete consumption of substrate.
Lower concentrations led to 90-98% conversion, but starting material was still detected
by GC-MS after 3 days. This relatively electron-poor alkyne may not favor the formation
of a gold-alkyne adduct (a proposed intermediate in the catalytic cycle). Similarly,
attempts to independently synthesize the adduct [(SIPr)Au(rl2-diphenylacetylene)]BF 4
resulted in rapid decomposition.
Table 5. Substrate Scope
[LAu+] (2.5 mol %) A B
PhNMe 2*HOTf F
R, __R2 NEt3"(HF) 3/KHSO 4  NR R2 + R2
CH2CI2, RT, 18-30 hr FF
Entry R, = R2 = % yield A: B
la C6H5- - "--C6H5  86%
2a  n-C5sH1 -- -4-n-C5H11  81%
3 b n-C 6H13-+- - 6-p-C6H4-OCH3  63% 1:5
4 b n-C 6H13-,- -- C6H5  78% 1: 13
5b n-C6H13-+- - 6-p-C6H4 (O)CH 3  82% B only
6b n-C6H13 -- - 74% B only
Reactions were performed with 1.5 eq Et3N*3HF, 1.0 eq KHSO 4, 0.10 eq PhNMe2*HOTf,
and at concentrations of 1.8 M alkyne substrate. For RI R2, yields are reported as a
combination of A and B. a) catalyzed by (cllPr)AuCl / AgBF 4. b) catalyzed by
(SIPr)AuOt-Bu.
Within a group of 1-phenyl- -octynes screened, substituents at the para position
of the phenyl group significantly affect both reaction time and the regioselectivity of
hydrofluorination. Exclusive 0-fluorination of 4-(l-octyne)-acetophenone (Table 5, Entry
5) was observed, while the more electron-rich 4-methoxyphenyl-substituted alkyne
underwent more extensive a-fluorination (Table 5, Entry 3). This preference suggests that
the a-aryl group serves to stabilize the buildup of electron density on the incipiently gold-
bound carbon. The relatively high amount of a-fluorinated product observed in the
hydrofluorination of 2-methoxy-6-(3-phenylpropyn- 1 -yl)-napthalene (2.5 P-fluorination :
48
1.0 a-fluorination) is consistent with this supposition. 35 However, an electron-rich
thiophene-substituted alkyne also favored n-fluorination (Table 5, Entry 6).
The distortion of a (,q2-alkyne)-metal complex to pre-form a metal-carbon a bond,
favoring subsequent nucleophilic attack, is well established in olefin chemistry,36 and the
lowering of a transition state energy would be consistent with the faster rate of reaction
observed for the acetyl-substituted substrate. The exclusive trans-addition of HF across
alkynes supports the outer-sphere attack of a fluoride moiety on a gold-bound alkyne
substrate (Scheme 6).
Scheme 6.
Et Et
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Conclusions. This chapter details the optimization of catalytic hydrofluorination
of alkynes by cationic NHC-supported gold compounds. Parameters favoring fast
turnover include an electron-poor NHC supporting ligand, high substrate concentrations,
and significantly the presence of a reaction buffer. High-yielding, one-pot
hydrofluorination of a number of alkyne substrates has been achieved under mild
conditions.
EXPERIMENTAL
General Considerations: Stoichiometric reactions performed in an Innovative
Technologies glove box under an atmosphere of purified nitrogen, and were carried out in
flame-dried glassware cooled under vacuum. Elemental analyses were performed by
Desert Analytics, Tuscon, AZ, or Atlantic Microlab, Inc., Norcross, GA. Anhydrous
dichloromethane and hexanes were purchased from Aldrich in 18-L Pure-PakTM solvent
delivery kegs and sparged vigorously prior to use. The solvents were further purified by
passage through two packed columns of neutral alumina under Ar pressure.
Infrared spectra were recorded on an IR Nicolet Impact 410 spectrometer on KBr
pellets and are reported in cm - '. 'H and '3C NMR spectra were recorded on Varian 300
MHz, Varian 500 MHz, or Bruker 400 MHz instruments with shifts reported relative to
the residual solvent peak. 19F NMR spectra, recorded on a Varian 300 MHz spectrometer,
are referenced with respect to an external standard of neat CFCl3. CD 2C12 (Cambridge
Isotope Laboratories) was dried over CaH2, degassed by three freeze-pump-thaw cycles,
and vacuum-transferred prior to use. Trifluoroacetic acid (Oakwood), silver
trifluoroacetate (Strem), silver tetrafluoroborate (Strem), chloro(dimethylsulfide)gold(I)
(Aldrich), triethylamine trihydrofluoride (Aldrich), and potassium hydrogen sulfate (Alfa
Aesar) were purchased and used as received. Fluorobenzene (Aldrich) and a,a,a-
trifluorotoluene (Aldrich) were dried over activated 3A molecular sieves and vacuum-
transferred prior to use. The alkynes 3-hexyne, 1-phenyl-l-butyne, 6-dodecyne, and
diphenylacetylene were purchased from Aldrich. All other alkynes were synthesized
according to literature. 37 Liquid alkynes were dried over NaBH4 and vacuum-transferred
prior to use. The following compounds were synthesized according to literature
procedures: 1,3-bis-2,6-(diisopropylphenyl)-4,5-dichloroimidazol-2-ylidene (CIIPr),38
[(Me 2N)3P]2N F-,3 9 PhNMe 2*HOTf,40 (Ph3P)AuCI,41 (SIPr)AuF,42 (SIPr)AuOt-Bu, 42
(SIPr)AgCl, (SIPr)CuOt-Bu,43 and the gold(I) chloride complexes supported by other N-
heterocyclic carbene (NHC) ligands.44
Catalytic Reactions All catalytic reactions were performed in 20-mL
polyethylene scintillation vials sealed with polyethylene cone-lined caps to avoid the side
reaction of triethylamine trihydrofluoride with glass. The reactions were set up according
to method A or B. Method A: Under a nitrogen atmosphere, a vial was charged with a
stir bar, (SIPr)AuOt-Bu (0.307 g, 0.0465 mmol, 0.025 eq), PhNMe2*HOTf (0.0501 mg,
0.185 mmol, 0.01 eq), and alkyne substrate (1.85 mmol). CH 2C12 (1.0 mL) was added.
Under benchtop conditions, KHSO 4 (0.254 g, 1.85 mmol, 1.0 eq) and Et3N°(HF)3 (0.460
mL, 2.80 mmol, 1.5 eq) were added. Method B: Under a nitrogen atmosphere a vial was
charged with a stir bar, (NHC)AuCl (0.0444 mmol, 0.025 eq), PhNMe 2*HOTf (0.0461 g,
0.170 mmol, 0.01 eq), and alkyne substrate (1.77 mmol). CH 2C12 (1.0 mL) was added,
followed by AgBF4 (0.010 g, 0.050 mmol, 0.028 eq). The reaction was stirred for 5
minutes. Under benchtop conditions, KHSO 4 (0.240 g, 1.77 mmol, 1.0 eq) and Et-
3N.(HF)3 (0.430 mL, 2.61 mmol, 1.5 eq) were added. All reactions: The heterogeneous
reaction mixtures were stirred for the stated time in the dark. Reactions were quenched
with saturated solutions of sodium bicarbonate, and the organics extracted in to
dichloromethane, dried over magnesium sulfate, and concentrated under vacuum.
Products were obtained by column chromatography on silica gel using hexane/ethyl
acetate. Products of the hydrofluorination of alkynes with R1 # R2 are reported as
mixtures of regioisomers. Yields of the major products subsequently isolated are reported
based on the original amount of alkyne.
Comparison of gold catalysts. Reactions were performed as described above
using 6-dodecyne as substrate and method B. Reaction progress was assessed by an
internal standard of a,ct,a-trifluorotoluene after 30 h. The complete consumption of
starting material was confirmed by GC-MS after workup of the reaction by (c'IPr)AuCl /
AgBF 4; in all other cases 6-dodecyne was still present.
{4,5-dichloro-[1,3-bis(2,6-diisopropylphenyl)]imidazolin-2-ylidene}gold
chloride (C'IPr)AuCl Under a nitrogen atmosphere, (Me2S)AuCl (0.331 g, 1.13 mmol)
was added to a solution of c'IPr (0.518 g, 1.12 mmol) in thf (6 mL). The reaction mixture
was stirred in the dark overnight. The remaining steps were performed under air. The
reaction solution was filtered through Celite and concentrated to a white solid under
vacuum. This solid was dissolved in CH2C12 (4.0 mL), passed through a silica gel plug,
and dried under vacuum to a white powder. (0.583 g, 0.847 mmol, 75%). 'H NMR (500
MHz, CDCl3): 8 7.57 ( t, J = 8.0 Hz, 2 H, p-CH), 7.33 (d, J = 8.0 Hz, 4 H, m-CH), 2.46
(sept., J = 6.9 Hz, 4 H, CH(CH3)), 1.36 (d, J= 7.0 Hz, 12 H, CH 3), 1.27 (d, J= 7.0 Hz, 12
H, CH 3). '13C NMR ( 126 MHz, CDC13): 8 175.3 (NCN), 146.2, 131.8, 131.3, 127.8,
119.1 (CC1), 29.4 (CH(CH 3)2), 24.8, 23.7. IR: 3069, 2957, 2869, 1966, 1936, 1585, 1385,
1180, 1060, 803, 726, 651, 542. Anal. Calcd. for C33H34N2AuC13: C, 47.01; H, 4.97.
Found: C, 46.97; H, 4.92.
Hydrofluorination of 4-(1-octynyl)acetophenone (Table 5, Entry 1) Reactions
were catalyzed with (SIPr)AuOt-Bu using Method A. Reaction time: 18 h. Only the
product of B-fluorination is observed.
F
O C6 H13
4-(2-fluoro-l-octenyl)acetophenone Yield: 82%. 'H NMR (500 MHz, CDC13): 6 7.90
(d, J = 7 Hz, 2 H), 7.54 (d, J = 8.5 Hz, 2 H), 5.53 (d, J = 39.0 Hz, 1 H, CH=CF), 2.58 (s,
3 H, C(O)CH 3), 2.35 (dt, J = 7.5, 18 Hz, 2 H, CFCH 2), 1.579-1.64 (m, 2 H), 1.28-1.42
(m, 6 H), 0.90 (t, J = 7.0 Hz, 3 H, CH 3). 13C NMR (126 MHz, CDC13): 6 197.8 (NCN),
163.6 (d, J = 272 Hz, CF), 139.0, 135.1, 128.8, 128.4, 105.3 (d, J = 8.6 Hz, CH=CF),
33.4 (d, J = 25.9 Hz, CFCH2), 31.7, 28.8, 26.7 (C=O), 26.4, 22.7, 14.2. '9F NMR (282
MHz, CDC13): 6 -(96.2-96.5) (m). IR: 2930, 1683, 1603, 1411, 1268, 1187, 957, 860,
597.0. Anal. Calcd. for C16H21FO: C, 77.38; H, 8.52. Found: C, 77.08; H, 8.61.
Hydrofluorination of 1-phenyl-l-octyne (Table 5, Entry 2) Reactions were
catalyzed with (SIPr)AuOt-Bu using Method A. Reaction time: 22 h. Yield: 78% as a
1:13 mixture of a- to 3-fluorinated products.
CF C
major minor
1-phenyl-2-fluoro-l-octene (major product): Yield: 72%. 'H NMR (500 MHz,
CDC13): 8 7.51 (d, J = 8.5 Hz, 2 H, o-CH), 7.32-7.42 (m, 2 H, m-CH), 7.21-7.25 (m, 2
H, p-CH), 5.49 (d, J = 39.5 Hz, 1 H, CH=CF), 2.35 (dt, J = 7.5, 018.0 Hz, 2 H, CFCH 2),
1.60-1.66 (m, 2 H), 1.33-1.44 (m, 6 H), 0.94 (t, J = 7.0 Hz, 3 H, CH3). 13C NMR (126
MHz, CDC13): 8 161.5 (d, J = 266.4 Hz, CF), 134.2 (d, J = 4.2 Hz), 128.6, 128.4 (d, J =
12.3 Hz), 126.7 (d, J = 4.0 Hz), 105.8 (d, J = 17.3 Hz), 33.3 (d, J = 44.1 Hz), 31.7, 28.8,
26.5, 22.8, 14.3. 19F NMR (282 MHz, CDC13): 86 -(101.8-101.1) (m). IR: 3059, 3026,
2924, 1691, 1495, 1449, 1151, 751, 693, 535. Anal. Calcd. for CI4H19F: C, 81.51; H,
9.28. Found: C, 81.75; H, 9.05. 1-phenyl-l-fluoro-l-octene (minor product): This
product was not isolated, but identifying features are listed below. 19F NMR (CDCl 3, 282
MHz): 8 -122.2 (d, J= 43 Hz).
Hydrofluorination of 4-(1-octynyl)anisole (Table 5, Entry 3) Reactions were
catalyzed with SIPr)AuOt-Bu using Method A. Reaction time: 30 h. Yield: 63% as a 1:5
mixture of a- to P-fluorinated products.
F
O F
C6 H13  'O
- C6 H13
major minor
4-(2-fluoro-1-octenyl)anisole (major product): Yield: 45%. 'H NMR (400
MHz, CDCl 3): 8 7.42 (d, J = 9.2 Hz, 2 H), 6.87 (d, J = 8.8 Hz, 2 H), 5.41 (d, J = 39.6 Hz,
1 H, CH=CF), 3.81 (s, 3 H, OCF3), 2.31 (dt, J = 7.6, 18.0 Hz, 2 H, CFCH 2), 1.55-1.63
(m, 2 H), 1.21-1.48 (m, 6 H), 0.91 (t, J = 7.0 Hz, 3 H, CH 3). 13C NMR (126 MHz,
CDCI3): 6 161.2, 158.7 (d, J = 95.2 Hz, CF), 129.6 (d, J = 7.6 Hz), 126.9 (d, J = 2.3 Hz),
114.0, 105.1 (d, J = 9.2 Hz), 55.4, 33.2 (d, J = 26.5 Hz), 31.8, 28.8, 26.6, 22.8, 14.3. 19F
NMR (376 MHz, CDC13): 8 -103.8 (m). IR: 2931, 1692, 1609, 1512, 1250, 1037, 851.
Anal. Calcd. for C15H 210F: C, 76.23; H, 8.96. Found: C, 76.15; H, 8.96. 4-(1-fluoro-
octenyl)anisole (minor product) This product was not isolated, but identifying features
are listed below. 'H NMR (400 MHz, CDC13): 8 5.26 (dt, J = 7.6, 37.6 Hz). 19F NMR
(376 MHz, CDC13): 8 -120.8 (d, J = 38 MHz).
Hydrofluorination of 6-dodecyne (Table 5, Entry 4) Reactions were catalyzed
with (c'IPr)AuCl using method B. Reaction time:30 h.
F
C5H 11 , C5H,
(Z)-6-fluoro-6-dodecene Yield: 81%. 'H NMR spectrum7 is identical to that
found in the literature. '3C NMR (126 MHz, C6D6): 6 160.4 (d, J = 253.3 Hz, CF), 105.6
(d, J = 15.5 Hz, CH=CF), 32.7 (d, J = 28.4 Hz, CFCH2), 32.1, 31.8, 30.1 (d, J = 1.6 Hz),
26.8 (d, J = 1.1 Hz), 24.3 (d, J = 5.2 Hz), 23.3, 23.1, 14.6, 14.5. 19F NMR (282 MHz,
C 6D 6): 6 -107.8 (dt, J= 17.0, 38 Hz).
Hydrofluorination of diphenylacetylene (Table 5, Entry 5) Reactions were
catalyzed with (CIIPr)AuCl using method B. For these reactions, only 0.5 mL of CH 2C12
was used as solvent instead of 1.0 mL. This detail was essential to observing complete
consumption of diphenylacetylene. Reaction time: 30 h.
(Z)-1-fluoro-1,2-diphenylethylene Yield: 86%. Physical characteristics are
consistent with characteristics reported in the literature. 'H NMR (300 MHz, CDCl3): 6
7.64-7.78 (m, 4 H), 7.24-7.54 (m, 6 H), 6.37 (d, J = 39.6 Hz, CH=CF). 13C NMR (75.5
MHz, CDC13): 6 157.4 (d, J = 258.6 Hz, CF), 133.8 (d, J = 3.1 Hz), 133.0 (d, J = 27.9
Hz), 129.2, 129.0, 128.8, 128.7, 127.5 (d, J = 2.6 Hz), 124.5 (d, J = 7.4 Hz), 106.0 (d, J =
10.4 Hz, CH=CF). 19F NMR (282 MHz, CDC13): 8 -114.4 (d, J = 40 Hz).
Hydrofluorination of 2-(1-octynyl)-thiophene (Table 5, Entry 6) Reaction
time: 30 h. The product of 0-fluorination was the only species observed.
S . C6 Hs13
2-(2-fluoro-2-octenyl)-thiophene: Yield: 74%. 'H NMR (500 MHz, CDCl 3): 8 7.2-7.4
(m, 1 H), 6.97-7.02 (m, 2 H), 5.81 (dt, J = 38.7, 0.5 Hz, CH=CF), 2.34 (dt, J = 17.7, 7.4
Hz, 2 H, CFCH2), 1.54-1.17 (m, 2 H), 1.22-1.44 (m, 8 H), 0.91 (t, J= 6.8 Hz, 3 H, CH 3).
'
3C NMR (126 MHz, CDC13): 6 160.2 (d, J= 265.4 Hz, CF), 136.4 (d, J= 3.4 Hz), 126.7,
125.7 (d, J = 3.4 Hz), 124.9 (d, J = 9.2 Hz), 100.6 (d, J = 12.7 Hz, HC=CF), 32.6 (d, J =
25.2 Hz, CFCH 2), 31.8, 28.8, 26.4, 22.7, 14.2. '9F NMR (282 MHz, CDCl3): 6 -97.5 (dt,
J = 40, 18 Hz). IR: 3070, 2930, 1685, 1466, 1427, 1235, 872, 841, 694, 532. Anal Calcd.
for C, 2H17SF: C, 67.88; H, 8.07. Found: C, 68.16; H, 7.81.
Hydrofluorination of 2-methoxy-6-(3-phenylpropyn-1-yl)-napthalene The
reaction products were collected as a mixture (2.5 major product : 1 minor product).
Identifying 'H and 19F NMR spectra peaks for each product are listed. Reaction time: 20
h. Yield: 78%.
F
MeOPhF MeO Ph
major minor
2-methoxy-6-(3-phenyl-2-fluoro-l-propenyl)naphthalene (major) 'H NMR (300 MHz,
CDC13) 6 7.82 (s, 1 H), 7.60-7.70 (m, 3 H), 7.25-7.40 (m, 5 H), 7.01-7.14 (m, 2 H), 5.64
(d, J = 39.6 Hz, 1 H, CH=CF), 3.92 (s, 3 H, OCH 3), 3.70 (d, J = 17.1 Hz, CH2) 19F (282
Mz, CDC13) 6 -101.1 (dt, J = 40 Hz, 17.6 Hz) 2-methoxy-6-(3-phenyl-l-fluoro-1-
propenyl)naphthalene (minor) 'H NMR (300 MHz, CDC13) 8 7.90 (s, 1 H), 7.61-7.17
(m, 2 H), 7.46-7.71 (m, 1 H), 7.00-7.30 (m, 7 H), 5.62 (dt, J = 36.6 Hz, 7.7 Hz, 1 H,
CF=CH-CH 2), 3.65 (dd, J = 1.2 Hz, 7.5 Hz, 2 H, CF=CH-CH2) '9F (282 Mz, CDC13) -
121.2 (d, J = 37 Hz)
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Chapter 3:
Catalytic amidation of arenes with a heavily
fluorinated phenanthroline copper(I) complex
INTRODUCTION
Fluorination of an organic compound can tune its electronic properties and
enhance its resistance to oxidation. This attribute makes ligand fluorination an attractive
tool in the field of C-H activation chemistry, where strong oxidative conditions that
target C-H bonds can also activate a metal-bound ligand.
The efficient functionalization of carbon-hydrogen bonds represents a major goal
in transition metal catalysis,' and oxidative examples have been the subject of notable
recent advances. 2 For years, oxidative C-N bond formation was less developed than C-O
bond formation due to the lack of readily available nitrogen-based oxidants. 3 However,
the development of many stable nitrene precursors has furthered stoichiometric and
catalytic C-N synthesis.
A sulfonyl azide can be represented as an electrophilic nitrene group stabilized by
dinitrogen. Excitation of azide from the singlet to the triplet state releases N2 and leaves
highly reactive nitrene in solution. Free nitrenes are not isolable, and their decomposition
leads to a mixture of species. Simple thermolysis of tosyl azide (tosyl = 4-MeC6H4SO 2 =
Ts) in benzene (160 oC, 30 h) results in production of tosylaniline (10%), 4 as well as trace
amounts of arylsulfonamide (via proton abstraction from medium), aniline (via Curtius
rearrangement), and the insertion product azepine (Figure 1). Studies by Ayyangar and
coworkers4c showed that some control of the product mixture was obtained by conducting
this thermolysis under high N2 pressures (40-80 atm), which increased the yield of N-
sulfonyl-1H-azepines up to 70% based on azide. (The azepine rearranges to give the
phenylsulfonamide in the presence of acids.)
02 a [2 02 H02
R-S -N3 -- - R-S -N: R-S -N -N
- -SO2
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R-S -NH2  R-NH2  0 2S-N
R H
proton abstraction from medium
Figure 1. Thermolysis of sulfonyl azides leads to a mixture of products.
Organometallic compounds that activate azides allow nitrene transfer to occur
under more synthetically convenient conditions, with high yields and, depending on the
metal choice and supporting ligand, with high selectivity and stereospecificity. A key step
in the catalytic cycle is the interaction of a metal complex with the nitrene precursor to
release the nitrene-stabilizing group and form a metal imido complex [M=N]. Depending
on the nature of the metal, [M=N] may have significant nitrenoid character, and may
react with a substrate to deliver the nitrene group and regenerate the catalyst (Figure 2).
R R
R'NH
+X=N-R 
-X
-HR' H k I
_, X !I
N
-M=N
Figure 2. X = PhI, N2
The suitability of a [M=N] complex for catalysis requires a balance between the
ease of formation of [M=N], and its reactivity for nitrene transfer. Potential bonding
interactions between a metal center and a nitrene group consist of one a-interaction and
two 7c-interactions. 5 The degree to which each interaction contributes to the M=N bond
strength depends on both the metal and the nitrene source. Early transition metals tend to
form metal-imido compounds, where the nitrogen group has nucleophilic character and,
in addition to the M-N a-bond, n-donation occurs from the nitrogen to the metal. In
contrast, metal-nitrenes maintain a nitrogen group with electrophilic character, as the
major bonding interactions consist of a M-N o-interaction and n-donation from the metal
to the nitrogen ligand. Filled d-orbitals can weaken the overall M-N bond interaction
through filled-filled interaction with the nitrogen p orbitals.
Sulfonyl azide as a nitrene source Sulfonyl azides are attractive nitrene
precursors due to their relative stability, ease of synthesis, and the evolution of N2 as an
easily-removed byproduct. While azides have historically have been used at elevated
temperatures or with photolytic activation to generate active nitrene groups, as early as
1967 Kwart and Khan6 discovered that simple copper salts facilitate the decomposition of
sulfonyl azides in benzene to allow arene amidation in modest yield.
Organic azides began to find wider use as nitrene sources in studies by Cenini and
coworkers7 in 1999, where metal porphyrin complexes facilitated benzylic amidation by
aryl azides. Treatment of TsN 3 with catalytic [Co(TPP)] (TPP = meso-tetraphenyl-
porphyrin) in toluene also allowed 15% benzylic amidation, although treatment of
PhI=NTs with [Co(TPP)] only produced H2NTs.
In 2003, Katsuki and coworkers 8 studied catalytic nitrene transfer from various
azides using Ru(salen) catalysts (Scheme 1). Initial reactions with 2,2,2-trichloro-1,1-
dimethylethoxycarbonyl azide and (OC)Ru(salen Ph) resulted in efficient transfer to
methyl phenyl sulfide; however intramolecular ligand C-H bond amidation limited the
lifetime of the catalyst. In contrast, (OC)Ru(salenTBDPS) and (OC)Ru(salenF) proved more
robust, catalyzing the enantioselective aziridination of styrene by N3Ns (Ns = 4-
0 2 NC6H4SO 2) and N3Ts with minimal ligand degradation. 9
Scheme 1. Ts = 4-MeC 6H4SO2
PhSMe H
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/ Ar ArO
- \ (OC)Ru(salenPh): Ar = Ph
- / (OC)Ru(salenTBDMS): Ar = 4-[t-Bu(Me 2)Si]CsH4(OC)ru(salenF): Ar = 3,5-F2-4-MeCGH 2
Other reactions now take catalytic advantage of the availability of sulfonyl azides.
Chang and coworkerslo effected the Cu-catalyzed hydrative conversion of terminal
alkynes (RCCH) to amides [RCH2C(O)N(H)Ts] with TsN3 (Scheme 2)."' These reactions
are believed to proceed by cycloaddition of the azides with alkyne to form triazole
intermediates, rather than by reaction of the azides with the metal center to generate
metal-bound nitrenes.
Scheme 2.
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There has also been a recent surge in the use of azides to generate late transition
metal imido complexes cleanly and selectively.12 These complexes have been shown to
undergo nitrene transfer reactions, either to the ligandl 2a-b or to exogenous substrates such
as CO or phosphines.
12c-e
Scheme 3.
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Other nitrene transfer reactions While a variety of metal complexes have been
used to transfer nitrene groups, currently copper complexes are the most widely used
catalytic precursors for nitrene transfer. Simple copper salts activate the PhI=NTs reagent
and effect olefin aziridination catalytically, and the use of sterically demanding
supporting ligands (Scheme 3) on copper catalysts leads to enantioselective aziridination
and improved yields.'13 The success of copper-catalyzed aziridination as a flexible and
general method for selective C-N bond formation from olefins has led to much interest in
the mechanism of copper-based nitrene transfer. 14 Evidence for Cu(II) complexes as
active intermediates was observed by Evans and coworkers,' 5 while Jacobsen and
coworkers'16 found similar enantioselectivity in the aziridination of styrene with a
Cu(salen) catalyst when either PhI=NTs or TsN 3 was used as the nitrene source. The
latter group reasoned that this similarity could arise through a common copper-nitrene
intermediate consistent with a Cu(I)/Cu(III) catalytic cycle.
Nitrene insertion into C-H bonds Nitrene transfer to alkenes generally results in
aziridination, but in select cases insertion into C-H bonds is competitive. While the
enantioselectivity of aziridination is dominated by steric interactions with ligand
substituents, selective amidation can depend strongly on the relative strength of substrate
C-H bonds.17-18 Che and coworkers'19 found that bipyridine-supported ruthenium(II)
catalysts favor amidation at benzylic or tertiary C-H positions over primary or secondary
sites, and the kinetic isotope effect of 6.1 observed in a competition study between the
amidation of cyclohexane/cyclohexane-dl2 suggests that hydride abstraction is a key step.
In many cases, generation of an active metal-nitrene complex near the desired C-H bond
also confers regioselective control. 20
The few examples of aromatic C-H bond amidation largely rely on electron-rich
substrates to insure good selectivity and high yield. Che and coworkers21 found that
[Ru"(TTP)CO] (TTP = meso-tetrakis(tolyl)porphyrin) catalyzed the amidation of
electron-rich heterocycles (Ar-H) such as tetrahydrofuran and thiophene using PhI=NTs
or PhI=NNs (individually synthesized or generated in situ from H2NNs/H 2NTs and
PhI(OAc)2) as the nitrene sources. Regardless of the reaction stoichiometry, in this case
only N,N-disubstituted products were isolated (Ar-NTs2 or Ar-NNs 2).
Scheme 4.
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In 2003, P6rez and coworkers 22 accomplished the copper-catalyzed amidation of
benzene, in modest yields assessed by GC-MS, using the PhI=NTs reagent and benzene
solvent (Scheme 4). They later improved on this system to obtain N-
(phenyl)benzenesulfonamide in 80% yield based on PhI=NTs. 23 This system, built around
a copper tris-pyrazolborate catalyst, showed high selectivity for benzylic amidation of
substrates such as toluene or mesitylene.
D
I"- D J 1,2 shift
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Figure 3. Proposed mechanisms for a 1,2-hydrogen shift.
A stoichiometric example of aromatic amidation was discovered by Que and
coworkers. 24 Upon treatment of an iron(II) tris(2-pyridylmethylamine) complex with
either PhI=O or PhI=NTs, an aryl C-H bond near the metal center undergoes oxene or
nitrene insertion. A deuterium labeling study revealed that while oxidation proceeds as
before, a 1,2-hydrogen shift was evidenced by the retention of deuterium (Figure 3). This
shift (also known as the NIH shift) was first discovered and explored in the context of
arene hydroxylation; 25 its presence in this instance indicates a common intermediate
between PhI=O and PhI=NTs oxidations. Sanford and coworkers26 also studied
stoichiometric aromatic amidation via the insertion of nitrenes into the Pd-C bond of
palladacycles.
Scheme 5.
OMe
R., R 17 equiv
R OMe OMe
NL 2CuSbF 6, 3 mol% TsHN
Phl=NTs
N PhCF 3  OMe
I R
R I R 63%
L2 : R = CF3
L'2 : R = CH3
Better C-H amidation through ligand design The Sadighi group 27 developed a
sterically demanding heavily fluorinated phenanthroline ligand L2, and examined the
performance of this ligand as a support for copper-catalyzed nitrene transfer (Scheme 5).
The L2 ligand supported copper(I) complexes with very poorly coordinating anions, and
the identity of the anion dramatically affected the catalytic competence of the complex
toward nitrene transfer from PhI=NTs. In the relatively nonpolar solvent PhCF3,
coordinating anions (-OSO 2CF 3) and solvents (NCCH3, H20) bound tightly to the copper
atom and inhibited turnover, but L2CuSbF6 (prepared from the metathesis reaction of
L2CuI and AgSbF6) catalyzed both the aziridination of styrene, and the amidation of
arene C-H bonds in 1,3-dimethoxybenzene, using PhI=NTs as the nitrene source. While
the latter reaction marked a new example of arene amidation, the system did not amidate
benzene.
To assess the contribution of the fluorinated ligand L2 to the reaction
performance, the C-O stretching frequencies of [L2Rh(CO) 2][OSO 2CF3] were compared
to those of [L' 2Rh(CO) 2][OSO 2CF 3], where L' 2 is 2,9-dimesityl-1,10-phenanthroline. The
similar C-O stretching frequencies (2095 and 2035 cm - ' for [L2Rh(CO) 2][OSO 2CF 3];
2082 and 2015 cm -' [L'2Rh(CO)2][OSO 2CF 3]) suggest that the fluorinated groups of L2
minimally perturb the electronic environment of the metal.28 Attempts to prepare L'2CuI,
with the intent to subsequently synthesize L'2CuSbF6 and assess its catalytic competence,
resulted in a mixture of products, reflecting a notable difference in the coordination
chemistry of L2 and its nonfluorinated analog.
RESULTS AND DISCUSSION
With the viability of arene amidation by PhI=NTs with L2CuSbF6 established, our
next goal was to expand the scope of the reaction using sulfonyl azides as a nitrene
source. The first reaction attempted was a direct analog of published results (Scheme 5),
substituting TsN3 for the PhI=NTs reagent as the nitrene source. These reaction
conditions did not result in arene amidation at ambient temperatures, and higher
temperatures resulted only in azide decomposition.
Intramolecular aliphatic amidation The failure of this system to transfer nitrene
from tosyl azide to arene C-H bonds raised the possibility that the copper(I) complex was
simply unreactive toward sulfonyl azides. To explore this possibility, the next substrate
used was 2,4,6-triisopropylbenzenesulfonyl azide. We reasoned that azide activation by
the metal complex should lead to attack of a metal-bound nitrenoid moiety on a nearby
benzylic C-H bond. Treatment of this substrate with L 2CuSbF6 (5 mol%), in a,a,a-
trifluorotoluene at 100 oC for 34 h, resulted in cyclization product (48%), along with 27%
unreacted azide and a mixture of thermal decomposition products. While this result was a
promising improvement over simple thermolysis of the sulfonyl azide (which retains 47%
unreacted azide under the same reaction conditions and does not yield detectable
cyclization product) the low yield and the precipitation of copper decomposition products
left much to be desired.
Table 1. Cyclization of 2,4,6-triisopropylbenzenesulfonyl azide
[Cu], 5%
HOCH(CF 3)2, 60 OC, 15 h
Species present after 15 h (%)
[Cu] Ar-N3  Cyclization product ArNH 2
CuO 2CCH 3  60 28 12
[Cu(CH 3CN)4]PF 6  95 2 2
L2CuSbF6  not detected 95 5
Relative product amounts were assessed by integration of 'H NMR peaks.
In contrast, conducting the reaction in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP)
allowed the sequence to proceeded smoothly (Table 1). Fluorinated alcohols have been
shown to accelerate reactions requiring cationic intermediates when used as solvents,29
,NH2
:2
and they offer an unusual solvent profile in that they are good H-bond donors but poor
nucleophiles. 30 Using 5 mol% L2CuSbF 6 in HFIP afforded the cyclic sulfonamide
product in good yield. The results for catalytic cyclization reactions involving benzylic
and aliphatic C-H bonds are summarized in Table 2.
Table 2. Formation of cyclic sulfonamides from sulfonyl azides
C-H
L2CuSbF6, 5 mol% C
~ N-H + N2
S •,N + HOCH(CF 3)2,/ S
02 N 2
Entry Product Yield (%) Rxn Conditions
i-Pr
1 84 15 h, 60 0 C
2 Me IZ NH 56 41 h, 80 OC
Me
3 NH 489 42 h, 80 OC
S
02
4 NH + NH 77 b  46 h, 80 OC
02 02
1.8: 1
5 S NH 73 30 h, 80 OC
02
[ArSO 2N3] = 0.2M. a) 2-{ [(F3C) 2CHO]CH2}C6H4 SO 2NH2 also isolated in 24% yield,
see Scheme 10. b) Combined yield.
For comparison, Abramovitch and coworkers3 found that thermolysis of
mesitylsulfonyl azide (150 oC, 20 hr) produced only trace amounts of cyclization
70
products (1-7%). Other processes, including the Curtius rearrangement to form 2,4,6-
trimethylaniline (3-21%), dehydrogenation of solvent by nitrene to form
mesitylsulfonamide (1-10%), and insertion of the nitrene into solvent C-H bonds (19-
27% in cyclohexane, 2% in benzene), were favored instead.
A persistent side reaction was observed in the cyclization of o-toluenesulfonyl
azide (Table 2, Entry 2). The activation of the ortho-CH3 group gave the solvent-derived
product 2-(1',1',1',3',3',3'-hexafluoroisopropoxymethyl)benzenesulfonamide in 24% yield
(Scheme 6). Neither this product nor the product of cyclization (2,3-dihydro-1,2-
benzisothiazole 1,1-dioxide) displayed further reactivity with L2 CuSbF6 in separate
catalytic reactions, suggesting that the two products arise from independent reaction
pathways. The activation of mesitylsulfonyl azide (Table 2, Entry 2) lead mostly to
cyclization (56% isolated yield), but a trace of solvent-derived ether byproduct was
detected by GC-MS. This side reaction was not observed in the treatment of aliphatic
sulfonyl azides with 5% L2CuSbF6 (Table 2, entries 4 and 5), which resulted in
intramolecular aliphatic C-H bond amidation.
Scheme 6.
02
S0 2N3 L2CuSbFs, 5 mol% NH + SO2NH2
HOCH(CF3)2, 48 hr, 80 OC O "'OCF3
48% 24% CF3
Intermolecular aromatic amidation With this evidence that L2CuSbF6
efficiently activated sulfonyl azides in HFIP, we revisited intermolecular amidation.
Amidation of 1,3-dimethoxybenzene with TsN 3 (Table 3, Entry 6) proceeded with good
selectivity and in higher yield than that achieved with PhI=NTs. 27 Likewise amidation of
anisole was also high-yielding, this time as a mixture of 2- and 4- N-(tosylamino)anisoles
(Table 3, Entry 5). However, treatment of TsN 3 with benzene and 5% L2CuSbF6 did not
afford more than a trace amount of the desired product.
Activation of benzene C-H bonds was achieved with the use of NsN 3 as the
nitrene source (Table 3, Entry 1). While the nosyl moiety has received less attention than
the tosyl group (perhaps in part because PhI=NNs is less soluble than PhI=NTs in some
solvents32), the nosyl group, being more electron-withdrawing, may stabilize a nitrenoid
moiety and in some cases results in more productive reactivity.33 Other electron-poor
sulfonyl azides (Table 3, Entries 8 and 9) also amidated benzene. Compared to these
electron-poor azides, the less stable a-toluenesulfonyl azide (Table 3, Entry 7) required
more activated substrates for amidation to compete effectively with azide decomposition.
The preference for amidation of electron-rich C-H bonds is reflected in the
selectivity of the products from amidation of 1,3-dimethoxybenzene and anisole, and is
consistent with the selectivity expected from electrophilic aromatic substitution. (The
preference for para-amidation of anisole weighs against substrate chelation assisting the
reaction.) In keeping with this trend, amidation of naphthalene occurs primarily at the
electron-rich 1-position.
More deactivated arenes gave less satisfactory results. Treatment of PhF and
PhCl with NsN 3, catalyzed by L2CuSbF6, gave highly colored, poorly defined mixtures of
products tentatively characterized as oligo(arylamine) derivatives. We speculate that in
these reactions the monoamidated product, being more electron-rich that the substrate
arene, out-competes the halobenzene substrate to react with the nitreneoid intermediate.
Table 3. Intermolecular nitrene transfer to arene C-H bonds.
L2CuSbFe
RSO2 N3  + Ar-H(20 equiv) (CF3)2CHOH, A
Product
4-(02N)C 6H4 C6Hs5
28 4-(0 2N)C6H 4 1-naphthyl
3 4-(0 2N)CsH4 (MeO)C6H4 02 N- -- SO2
4 4-(0 2N)C6 H4 2,4-(MeO)2CsH 3
5 4-MeC 6H4 (MeO)C6H4
6 4-MeCsH 4 2,4-(MeO)2C6H3
7 PhCH 2 2,4-(MeO) 2C6H3
MeO
HN  OMe
02 N SO2
HN OMe
MeO
HN OMe
Me SO2
- MeO
HN ~ OMe
so2
8 3,5-(F3 C)C6 H3
9 n-C4F9
C6H5
C6Hs
F3C
F3C
F3C(F 2C)3 -SO 2
49 h, 80 -C
48 h, 90 -C
General conditions: [RSO 2N3] = 0.2 M in HFIP/ArH. Isolated yields based on azide. a)
Arene : azide = 8 : 1 b) 2-(Sulfonamido)naphthalene also formed in ca. 1:13 ratio (GC-
MS). c) Isolated yield comprises p-anisolyl, 50%; o-anisolyl, 22%. d) Isolated yield
comprises p-anisolyl, 43%; o-anisolyl, 18%.
Entry R-
H
R-S N-Ar
02
+ N2
Yield (%) Rxn Conditions
0 2N SN2
OH 
-N02N-&\ /
48 h, 80 -C
7 0 b
(72)C
48 h, 80 -C
30 h, 80 *C
48 h, 80 -C
(61)d 44 h, 80 -C
17 h, 60 -C
51 h, 80 "C
Attempted amidation of mesitylene with NsN3 led to a mixture of products. Both
the product of aromatic amidation [N-mesityl-4-nitrobenzenesulfonamide] and benzylic
amidation (N-[(3,5-dimethylphenyl)methyl]benzenesulfonamide) were detected by GC-
MS in the crude mixture. (Identities were confirmed by independent synthesis.) This
result stands in contrast with the exclusive preference for benzylic amidation observed in
the system developed by Perez and coworkers. 23
Characterization of an intermediate Based on our interest in the stoichiometric
chemistry of this amidation reaction, Charles Hamilton in the Sadighi group treated
L2CuSbF6 with four equivalents of NsN 3 and found that only one paramagnetic product
remained in solution after 20 hours. The magnetic susceptibility of the product complex
was eff= 1.62 B.M., and X-ray diffraction analysis of crystals obtained from this solution
identified the product as {2,9-bis[2',4',6'-tris(trifluoromethyl)phenyl]-1,10-
phenanthroline } (4"-nitrobenzenesulfonylamido)-copper(II) hexafluoroantimonate
([L2CuN(H)Ns]SbF 6) (Figure 4).
Figure 4. X-Ray crystal structure of [L2CuN(H)Ns]SbF 6. For clarity, SbF6- anion
and HFIP solvate are omitted.
This compound was very susceptible to hydrolysis and could not be isolated on a
synthetically useful scale. However, generation of a solution of known concentration of
[L2CuN(H)Ns]SbF 6 in the presence of NsN 3, followed by the addition of benzene and
heating the reaction under standard catalytic conditions (2 days, 80 'C), yielded 80% N-
(phenyl)-4-nitrobenzenesulfonamide. 28
While the exact mechanism of [L2CuN(H)Ns]SbF 6 formation is unknown, its
competence as a precatalyst for nitrene transfer indicates that this compound is not the
product of an irreversible deactivation process, but instead an observable resting state of
the catalyst. In keeping with the known 2-electron oxidation of metal complexes upon
reaction with azides, 34  we propose that L2CuSbF6  initially forms a
sulfonylimidocopper(III) species, [L2CuNNs]SbF 6, upon treatment with azides (Scheme
7). Subsequent hydrogen atom abstraction from the reaction medium would yield
[L2CuN(H)Ns]SbF 6. Further reaction of the copper sulfonamido complex with NsN3
could regenerate an active catalyst, although the reaction sequence for this process
remains unclear.
Scheme 7.
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The high conversion of nosyl azide to N-(phenyl)-4-nitrobenzenesulfonamide
(80%) indicates that only a fraction of azide is consumed unproductively to reactivate
[L2CuN(H)Ns]SbF 6  toward catalysis. Studies by Hamilton suggest that
[L2CuN(H)Ns]SbF 6 does not transfer its ligated amido moiety to benzene, raising the
possibility that only a small fraction of [L2CuN(H)Ns]SbF 6 need be reactivated to
generate active catalyst.
Ligand comparison Although we have not isolated a (sulfonimido)Cu(III)
species that amidates benzene, we did want to ascertain whether the copper-ligand
combination of [L2Cu] was significant to our system. As mentioned earlier, the mesityl-
based compound L' 2CuSbF 6 could not be synthesized cleanly, preventing direct
comparison of L2 and L' 2-supported catalysts in a,a,a-trifluorotoluene.
However, we found that in HFIP, L2CuOTf serves as a competent nitrene-transfer
catalyst, in contrast to its sluggish performance in the less-polar solvent. This discovery
allowed direct comparison of the catalytic performance of copper triflate complexes
supported by the fluorinated ligand, by its nonfluorinated analogue, or by no added donor
(Table 4). The supporting ligand 2,9-dimesityl-1,10-phenanthroline (L' 2, Table 4, Entry
2) gave rise to lower conversion and poor selectivity; the 'H NMR spectrum after the
reaction showed numerous new resonances in the benzylic region, indicating
considerable ligand degradation. In the absence of supporting phenanthroline ligand, still
lower conversion and selectivity were observed. Very little amidation occurred in the
presence of the simple Lewis acid Zn(OTf)2, or the protonated ligand salt L2*2HOTf.
These results suggest that the efficient C-H amidations described above are indeed
copper-catalyzed, that the phenanthroline ligand L2 is associated with the active species,
and that fluorination is important in limiting ligand degradation under the reaction
conditions.
Table 4. Comparison of precatalysts
C6H6 , 20 equiv[catalyst], 5 mol% H
NsN 3  NsN-C 6H 5 + NsNH 2HOCH(CF3) 2, 80 OC, 48 h
A B C
Entry Catalyst A B C
1a L2CuOTf 15 60 10
2 a  L'2CuOTf 50 15 25
3a  CuOTf*(0.5 PhCH 3) 70 10 20
4b Zn(OTf 2) 92 4 4
5b L2*2HOTF >95 - --
(a) Remaining A measured by 'H NMR vs. internal standard; B, C measured by GC-MS
vs. internal standard. (b) A, B and C measured by 'H NMR vs. internal standard.
Deuterium-labeling studies A competition study between the amidation of C6H6
and C6D6 showed that the reaction had a kinetic isotope effect (KIE) below our threshold
of detection: kH/kD = 1.02 + 0.25. (For comparison, the KIE measured for oxidative
addition of benzene to a cationic platinum methyl compound 35 ranges from 1.26-6.52,
while for amidation of cyclohexane with PhI=NTs catalyzed by ruthenium' 9 the KIE is
6.5.)
Scheme 8
OMe H OMe OMe
NN3 + L2CuSbF 6, 5% NsN +
30 h, 80 C, HFIP H/D
D D HNNs
20 eq 46% deuterium retention
When anisole-4-d was used as substrate for Entry 3, Table 3, the 'H NMR
spectrum of the para-amidation product indicated partial deuteration, quantified at
46(±3)% by mass spectrometry, ortho to the new C-N bond. (Scheme 8). This 1,2-
hydrogen shift is consistent with electrophilic attack of a nitrenoid species on the arene rt-
system (Figure 3); however, the activation of aliphatic C-H bonds by this system shows
that other reaction pathways are available. Underscoring this point, the reaction of 1,3,5-
trimethylbenzene with 4-nitrobenzenesulfonyl azide (NsN 3), catalyzed by L2CuSbF6,
gives rise to a mixture of aryl and benzylic amidation products in a ratio of 3:1; albeit
with poor overall yield (39%).
CONCLUSIONS
In this chapter, we have demonstrated efficient functionalization of arenes
catalyzed by sulfonyl azides using a cationic copper(I) catalysts. Performing the reaction
in HFIP solvent is crucial, and the best yields result from using electron-rich substrates
and electron-poor azides. We have also initiated investigations to the mechanism of these
reactions. A copper(II) sulfonamide complex is the resting state of the catalysis, but is
not directly active for arene amidation. A low KIE indicates that C-H bond activation is
probably not the rate-determining step. The presence of a 1,2-shift is consistent with an
electrophilic mechanism for arene activation. The formation of both aryl- and benzyl-
substituted products from mesitylene indicates that different reaction pathways may
compete in the electrophilic amidation process.
EXPERIMENTAL SECTION
Catalytic reactions were carried out in resealable Schlenk tubes under argon.
Generally, L2CuSbF6 (5 mol%) was heated in dried, degassed HFIP solution with
sulfonyl azide (0.2M) and excess (if any) arene at 60-90 'C. (CAUTION: These
reactions, which liberate N2, are run at temperatures above the solvent boiling point.
Although no mishaps occurred, due precautions should be taken in case of tube rupture.)
After cooling, the reaction mixture was concentrated, and the products isolated by
column chromatography on silica gel.
Unless stated otherwise, all synthetic manipulations were carried out using
standard Schlenk techniques under an argon atmosphere or in an Innovative Technologies
glovebox under an atmosphere of purified nitrogen. Reactions were carried out in flame-
dried glassware cooled under vacuum. Elemental analyses were performed by Atlantic
Microlabs, Inc., Norcross, GA.
1,1,1,3,3,3-Hexafluoroisopropanol (HFIP, purchased from TCI), 1,1,1,3,3,3-
hexafluoroisopropanol-d 2 (HFIP-d 2, purchased from Cambridge Isotope Labs), and a,a,a-
trifluorotoluene (Aldrich) were degassed by three freeze-pump-thaw cycles and stored
over 3A activated mol sieves. Benzene (Aldrich), anisole (Aldrich), and 1,3-
dimethoxybenzene (Fluka) were dried over sodium/benzophenone, degassed by three
freeze-pump-thaw cycles and vacuum-transferred prior to use. The starting materials
2,4,6-triisopropylbenzenesulfonyl azide (Omega), naphthalene (Aldrich), 3,5-
bis(trifluoromethyl)benzenesulfonyl chloride (Oakwood), sodium azide (Alfa Aesar), and
all other NMR solvents (Cambridge Isotope Labs) were used as received.
4-Nitrobenzenesulfonyl azide, 36 2,4,6-trimethylbenzenesulfonyl azide, 3 1a o-
toluenesulfonyl azide,37 a-toluenesulfonyl azide, 3 1b p-toluenesulfonyl azide, 38 1-
propanesulfonyl azide,3s and 1-butanesulfonyl azide39 were prepared according to
literature methods from the corresponding sulfonyl chlorides, which were purchased from
Aldrich and used as received. Perfluorobutanesulfonyl azide4 0 was prepared from the
sulfonyl fluoride (Aldrich) and was vacuum-distilled from magnesium sulfate (23 'C,
6x10 -3 torr). All other liquid azides were dried by pipette-filtration through plugs of
magnesium sulfate. Preparation of 2,9-bis(2',4',6'-trimethylphenyl)- 1,10-phenanthroline
was adapted from literature methods.4 1 Preparation of [CuOTf]2*toluene was adapted
from a literature synthesis of [CuOTf]2'C 6H642 and L2CuSbF6 was synthesized according
to the previously reported procedure. 4 3
Flash column chromatography was performed on EMD Silica Gel 60 (230-400
mesh). Laboratory- or HPLC-grade solvents (acetone, dichloromethane, ethyl acetate,
hexane, and methanol) were purchased from Mallinckrodt and used as received.
Anhydrous dichloromethane (CH2C12) was purchased from Aldrich in 18 L Pure-PacTM
solvent delivery kegs and sparged vigorously with argon for 40 minutes prior to first use.
The solvent was further purified by passage through two packed columns of neutral
alumina under argon pressure. Anhydrous pentane (Aldrich) was stored over 3 A
activated mol sieves.
The synthesis of 3,5-bis(trifluoromethyl)benzenesulfonyl azide was not
optimized.
'H NMR spectra were recorded on a Varian 300 MHz or Varian 500 MHz
instrument, with shifts referenced relative to the residual protiated solvent peak. 19F
NMR spectra were recorded on a Varian 300 MHz instrument, with peaks referenced to
an external standard of neat CFC13 (0 ppm). '3C NMR spectra were recorded on a Varian
500 MHz instrument, with shifts referenced relative to the solvent peak. IR spectra were
recorded on a Perkin-Elmer Model 2000 FTIR as KBr pellets. Melting points were
measured on a Mel-Temp II apparatus and are uncorrected. Gas chromatographic
analyses were performed on an Agilent Technologies Model 5973N gas
chromatograph/mass spectrometer equipped with an Rtx-1 column.
3,5-Bis(trifluoromethyl)benzenesulfonyl azide. The synthesis was adapted from
the procedures of Dermer and Edmison,44 using 3,5-bis(trifluoromethyl)benzenesulfonyl
chloride (1.040 g, 3.326 mmol). The crude product was dissolved in hexanes, and the
resulting solution was passed through a short plug of silica gel and concentrated to a
white residue under vacuum. Recrystallization from MeOH afforded the product as a
white crystalline solid, 0.762 g (72%). 'H NMR (500 MHz, CDC13) 6 8.24 (s, 1 H, p-H),
8.41 (s, 2 H, o-H). 13C NMR (126 MHz, CDC13) 6 141.1 (s, a-H), 133.7 (q, J = 35.0 Hz,
CF 3-C), 128.3 (s, p-C), 127.8 (s, o-C), 122.1 (quart, J = 273.6 Hz, CF3). 19F NMR (282
MHz, CDCl 3) 6 -63.1. IR (KBr pellet, cm- ') 3103, 2146, 1383, 1360, 1292, 1173, 1135,
1110, 910, 839, 761. Anal. calcd for CjoH 6F9NSO2: C, 32.01; H, 1.61. Found: C, 32.22;
H, 1.46. M.p.: 54-56 'C.
Catalytic Sulfonamidation: General Procedure A (Liquid Azides)
In the glovebox, a flame-dried resealable Schlenk flask with Teflon-coated stirbar
was charged with L2CuSbF6 and sealed with a Teflon screwcap. The tube was then
brought out and connected to the Schlenk line; the cap was removed under positive argon
pressure and replaced with a rubber septum. The arene substrate (if any) and HFIP were
added via syringe, followed by the sulfonyl azide. The septum was replaced with the
screwcap under a flow of argon, the tube was resealed and placed in a heated oil bath,
and the reaction mixture was stirred for the time specified. After cooling to room
temperature, the reaction mixture was concentrated by rotary evaporation and purified by
flash column chromatography.
Catalytic Sulfonamidation: General Procedure B (Solid Azides)
The procedure is similar to General Procedure A, except that the sulfonyl azide is
placed in the Schlenk flask before L2CuSbF6.
2,3-Dihydro-3,3-dimethyl-5,7-diisopropyl-1,2-benzisothiazole 1,1-dioxide (Table 2,
Entry 1)
Me Me
i-Pr 
NH
i-Pr 02
General Procedure B was followed using L2CuSbF6 (0.0223 g, 0.0215 mmol) and 2,4,6-
triisopropylbenzenesulfonyl azide (0.124 g, 0.402 mmol) in HFIP (2.0 mL), with no
added arene substrate. The reaction mixture was heated at 60 oC for 15 h. Column
chromatography using 1:99 CH 3OH:CH 2Cl2 as the eluant afforded the title compound as
a white solid, 0.0946 g (84%). IH NMR (300 MHz, CDC13): 6 7.26 (s, 1 H), 6.99 (s, 1
H), 4.47 (bs, 1 H, NH), 3.62 (sept, J = 6.8 Hz, 1 H, CH(CH3)2), 2.99 (sept, J = 6.9 Hz, 1
H, CH(CH3)2), 1.64 (s, 6 H, NHC(CH3)2), 1.36 (d, J = 6.9 Hz, 6 H. CH(CH3)2), 1.28 (d, J
= 6.9 Hz, 6 H, CH(CH3)2. 13 C NMR (126 MHz, CDC13): 6 155.7, 146.9, 145.5, 131.0,
124.5, 117.9, 60.0, 34.8, 30.1, 29.6, 24.1, 23.8. IR (KBr pellet, cm- 1) 3238, 2969, 1598,
1382, 1298, 1173, 1152, 1130, 876, 697, 609, 586. M.p.: 143-145 'C
*Note: We have been unable to obtain satisfactory elemental analyses for this
compound. The 'H and 13C NMR spectra are depicted below as a measure of purity.
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Figure 5. (a) IH and (b) 13C NMR spectra of 2,3-dihydro-3,3-dimethyl-5,7-diisopropyl-
1,2-benzisothiazole 1,1-dioxide in CDC13.
2,3-Dihydro-5,7-dimethyl-1,2-benzisothiazole 1,1-dioxide (Table 2, Entry 2)
Me
Me 02
General Procedure A was followed using L2CuSbF6 (0.0236 g, 0.0227 mmol) and 2,4,6-
trimethylbenzenesulfonyl azide (0.083 mL, 0.45 mmol) in HFIP (2 mL), with no added
arene substrate. The reaction mixture was heated at 80 'C for 41 h. Column
chromatography using 0.5:99.5 CH 30H:CH2C12 as the eluant afforded the title compound
as a white solid, 0.0525 g (58%). Spectral data were in accord with those reported
previously. 3 1a 1H NMR (300 MHz, CDC13): 6 7.04 (s, 1 H), 6.95 (s, 1 H), 5.09 (bs, 1 H,
NH), 4.41 (d, J = 5.5 Hz, 2 H, Ar-CH2-NH), 2.56 (s, 3 H, CH3), 2.38 (s, 3 H, CH3).
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2-(1',1',1',3',3',3'-Hexafluoroisopropoxymethyl)benzenesulfonamide (A), and 2,3-
dihydro-1,2-benzisothiazole 1,1-dioxide (B) (Table 2, Entry 3)
•.CF3
SO 2NH2  02
A B
General Procedure A was followed using L2CuSbF6 (0.022 g, 0.021 mmol) and o-
toluenesulfonyl azide (0.0680 mL, 0.445 mmol) in HFIP (2 mL) with no added arene
substrate. The reaction mixture was heated at 60 oC for 42 h. Column chromatography
using 66:33 CH 2C12:hexane followed by CH2C12 as the eluants afforded A as a pale
purple solid, 0.0369 g (25%), and B as a colorless solid, 0.0320 g (43%). A: 'H NMR
(500 MHz, acetone-d 6): 6 8.02 (dd, J = 8.0 Hz, J = 1.0 Hz, 1 H), 7.78 (d, J = 8 Hz, 1 H),
7.69 (td, J = 7.6 Hz, J = 1.2 Hz, 1 H), 7.55 (td, J = 0.8 Hz, J = 7.5 Hz, 1 H), 6.75 (bs, 2 H,
NH 2), 5.50 (s, 2 H, CH2-O), 5.29 (sept, J = 6.25 Hz, 1 H, CH(CF3)2). 13C NMR (126
MHz, acetone-d6): 6 141.8, 135.2, 133.3, 129.7, 129.3, 128.5, 123.0 (q, J= 284 Hz, CF 3),
76.2 (sept, J = 32 Hz, CH(CF 3)2), 73.6. IR (KBr pellet, cm - l ) 3389, 3271, 1320, 1289,
1183, 1163, 1141, 1099, 1012, 903, 766, 688, 593, 553. Anal. calcd for C10H 9F6NO3S:
C, 35.61; H, 2.69. Found: C, 35.87; H, 2.55. M.p.: 96-97 'C
The spectral data for B are in accord with those reported previously. 45 IH NMR (500
MHz, acetone-d 6) 6 7.78 (d, J = 7.6Hz, 1H), 7.69 (dt, J = 1.1, 7.5 Hz, 1H) 7.59 (m, 2H),
6.60 (bs, 1 H, NH), 4.54 (d, J = 5.4Hz, 1H).
3-Methylisothiazolidine 1,1-dioxide (C) and 1,2-thiazinane 1,1-dioxide (D) (Table 2,
Entry 4)
NH NH
02 02
c D
General Procedure A was followed, using L2CuSbF6 (0.047 g, 0.0392 mmol) and 1-
butanesulfonyl azide (0.106 mL, 0.780 mmol) in HFIP (4 mL). The reaction mixture was
heated at 80 'C for 45 h. Column chromatography using 0.5% MeOH in CH 2C12 afforded
a mixture of C and D as a white powder (0.0759 g, 72%). The products are present in a
ratio of 1:1.8 as determined by 'H NMR. C: 'H NMR (CDCl3, 300 MHz) 6 4.37 (br s, 1
H), 3.66-3.70 (m, 1 H), 3.15-3.29 (m, 2 H), 2.47-2.58 (m, 1 H), 1.98-2.11 (m, 1 H), 1.34
(d, J = 6.3 Hz, 3 H) The spectral data of D are in accord with those reported previously.46
D: ' H NMR (CDC13, 500 MHz) 6 4.37 (br s, 1 H), 3.44 (q, J = 6.0 Hz, 2 H), 3.09 (t, J =
6.0 Hz, 2 H), 2.23 (m, 2 H), 1.66 (m, 2 H).
Isothiazolidine 1,1-dioxide (Table 2, Entry 5)
NH
S
02
General Procedure A was followed, using L2CuSbF6 (0.040 g, 0.0386 mmol) and 1-
propanesulfonyl azide (0.095 mL, 0.765 mmol) in HFIP (4 mL) with no added arene
substrate. The reaction mixture was heated at 80 oC for 29 h. Column chromatography
using 0.5% MeOH in CH 2C12 afforded the title compound as an oil (0.0633 g, 71%). The
spectral data are in accord with those reported previously. 47 'H NMR (500 MHz, CDC13)
6 4.85 (bs, 1 H, NH), 3.40 (q, J = 6.7 Hz, 2 H), 3.10 (t, J = 7.6 Hz, 2 H), 2.35-2.41 (m, 2
H).
N-Phenyl-4-nitrobenzenesulfonamide (Table 3, Entry 1)
H
N,
02 \ /NO 2
General Procedure B was followed using L2CuSbF6 (0.0213 g, 0.0205 mmol), 4-
nitrobenzenesulfonyl azide (0.0879 g, 0.386 mmol), and benzene (0.73 mL, 8.1 mmol), in
HFIP (1.3 mL). The reaction mixture was heated at 80 'C for 48 h. Column
chromatography using CH2C12 as the eluant afforded the title compound as a white solid,
0.0653 g (61%). The spectral data were in accord with those reported previously.48 IH
NMR (300 MHz, CD 3OD) 6 8.25 (m, 2 H), 7.89 (m, 2 H), 7.16 (m, 2 H), 7.02 (m, 3 H).
N-(1-Naphthyl)-4'-nitrobenzenesulfonamide (Table 3, Entry 2)
~- H
In the glovebox, a flame-dried resealable Schlenk flask with stirbar was charged with
L2CuSbF 6 (0.0235 g, 0.0226 mmol), 4-nitrobenzenesulfonyl azide (0.0904 g, 0.396
mmol), and naphthalene (0.43 g, 3.36 mmol), and then sealed with a Teflon screw cap.
The tube was then brought out and connected to the Schlenk line; the cap was removed
under a flow of argon and replaced with a rubber septum. HFIP (2 mL) was added via
syringe, the septum replaced with the screw-cap, and the flask was resealed. The reaction
mixture was stirred at 80 'C for 2 d. After cooling to room temperature, the reaction
mixture was concentrated to a purple reside, and excess naphthalene was removed by
vacuum sublimation at 50 oC. Purification of the crude product by column
chromatography using CH2C12 as the eluant afforded the title compound as an off-white
solid, 0.0970 g (75%). 'H NMR (500 MHz, acetone-d 6) 6 9.39 (bs, 1 H, NH), 8.33 (dt, J
= 2.0, 8.6 Hz, 2 H), 8.07 (d, J = 8.3 Hz, 1 H), 7.99 (dt, J = 1.8, 5.6 Hz), 7.91 (d, J = 8.1
Hz, 1 H), 7.85 (d, J = 8.5 Hz, 1 H), 7.49 (td, J = 1.7, 6.8 Hz, 1 H), 7.44 (m, 2 H), 7.34
(dd, J = 1.0, 7.3 Hz, 1 H). 13C NMR (126 MHz, acetone-d 6): 6 151.1, 146.8, 135.4,
132.7, 130.9, 129.6, 129.1, 128.6, 127.3, 127.2, 126.4, 125.3, 125.2, 123.6. IR (KBr
pellet, cm-l): 3266, 1594, 1524, 1401, 1348, 1309, 1155, 1090, 937, 850, 780, 735, 682,
601, 548. Anal. calcd for C16H12N20 4S: C, 58.53; H, 3.68. Found: C, 58.56; H 3.63.
M.p.: 206-207 'C (lit.44 203-204 oC).
N-(2-Methoxyphenyl)-4'-nitrobenzenesulfonamide (E) and N-(4-Methoxyphenyl)-4'-
nitrobenzene-sulfonamide (F) (Table 3, Entry 3)
SNO2  MeO 2
E F
General Procedure B was followed using L2CuSbF6 (0.0224 g, 0.0216 mmol), 4-
nitrobenzenesulfonyl azide (0.933 g, 0.386 mmol), and anisole (0.84 mL, 7.4 mmol), in
HFIP (1.2 mL). The reaction mixture was heated at 80 oC for 30 h. Column
chromatography using CH 2C12 as the eluant afforded E (0.0273 g, 23%) and F (0.0536 g,
45%) as off-white solids. E: 'H NMR (acetone-d 6): 6 8.36 (td, J = 8.5, 2.1 Hz, 2 H),
8.01 (td, J = 8.5, 2.2 Hz, 2 H), 7.47 (dd, J = 7.8, 1.8 Hz, 1 H), 6.94 (td, J = 8.3, 1.5 Hz, 1
H), 6.89 (dd, J = 1.0, 8.0 Hz, 1 H), 3.54 (s, 3 H, OCH 3). 13C NMR (126 MHz, acetone-
d6) 6 152.8, 151.1, 146.9, 129.5, 128.0, 125.9, 125.7, 124.8, 121.6, 112.3, 55.9. IR (KBr
pellet, cm-') 3266, 1527, 1496, 1342, 1311, 1255, 1163, 856, 760, 741, 657, 542. Anal.
calcd for C13H1 2NO 3S: C, 50.64; H, 3.92. Found: C, 50.41; H, 3.94. M.p.: 153-155 'C
F: 'H NMR (acetone-d 6): 6 8.36 (dt, J= 2.1, 8.1 Hz, 2 H), 7.96 (dt, J= 2.3, 6.9 Hz, 2 H),
7.10 (dt, J = 2.8, 8.4 Hz, 2 H), 6.83 (dt, J = 2.7, 8.7 Hz, 2 H), 3.73 (s, 3 H, OCH3). 13C
NMR (126 MHz, acetone-d 6) 6 158.9, 151.1, 146.3, 130.1, 129.5, 125.8, 125.1, 115.3,
55.7. IR (KBr pellet, cm-') 3277, 1605, 1524, 1348, 1244, 1155, 1029, 853, 741, 660,
537. Anal. calcd for Cl 3H12N0 3S: C, 50.64; H, 3.92. Found: C, 50.41; H, 3.94. M.p.
177-179 oC (lit.49 187 °C).
N-(2,4-Dimethoxyphenyl)-4'-nitrobenzenesulfonamide (Table 3, Entry 4)
H
Meo 
MeO
General procedure B was followed using L2CuSbF 6 (0.203 g, 0.0195 mmol), 4-
nitrobenzenesulfonyl azide (0.923 g, 0.381 mmol), and 1,3-dimethoxybenzene (1.0 mL,
7.6 mmol) in HFIP (1.0 mL). The reaction mixture was heated at 80 'C for 48 h.
Column chromatography using CH 2C12 as the eluant afforded the title compound as a
pale yellow solid. (0.114 g, 88%). 'H NMR (300 MHz, CDC13) 6 8.23 (dm, J = 15 Hz, 2
H), 7.85 (dm, J = 15 Hz, 2 H), 7.46 (s, 1 H), 6.72 (s, 1 H, NH), 6.48 (dd, J = 14.5 Hz, J =
4.5 Hz, 1 H), 6.27 (d, J = 4.5 Hz), 3.78 (s, 3 H, OCH3 ), 3.48 (OCH 3). 13C NMR (126
MHz, CDC13) 6 159.4, 152.3, 150.2, 145.1, 128.8, 125.9, 123.9, 117.3, 104.8, 98.9, 55.7
(OCH 3), 55.6 (OCH 3). IR (KBr pellet, cm - ') 3271, 3109, 2840, 1611, 1524, 1507, 1354,
1306, 1211, 1172, 1160, 1037, 856, 741, 629, 531. Anal. calcd for C14HI4N2 0 6S: C,
49.70; H, 4.17. Found: C, 49.69; H, 4.30. M.p.: 156-158 'C
N-(2-Methoxyphenyl)-p-toluenesulfonamide (G), and N-(4-Methoxyphenyl)-p-
toluenesulfonamide (H) (Table 3, Entry 5)
-Me MeO /- MeMeO 2 02~"~-/
G H
General Procedure A was followed using L2CuSbF6 (0.178 mg, 0.0171 mmol), p-
toluenesulfonyl azide (0.530 mL, 0.346 mmol), and anisole (0.75 mL, 6.9 mmol) in HFIP
(1.3 mL). The reaction mixture was heated at 80 'C for 44 h. Column chromatography
using 20:80 hexanes:CH 2C12 followed by pure CH2C12 as eluants yielded the title
compounds G (0.0221 g, 22%) and H (0.0405 g, 42%) as white solids. The spectral data
are in accord with those reported previously.5:
G: 'H NMR (500 MHz, CDC13): 6 7.65 (t, J = 8.5 Hz, 2H), 7.53 (dt, J = 1.38 Hz, 8 Hz,
1H), 7.19 (d, J = 7.5 Hz, 2H), 7.03 (m, 2 H), 6.90 (dt, J = 7.6 Hz, 1 Hz, 1 H), 6.74 (d, J =
8 Hz, 1 H), 3.64 (s, 3 H), 2.36 (s, 3 H). H: 'H NMR (CDC13) 6 7.60 (d, J = 8.5 Hz, 2 H),
7.22 (d, J = 8.0 Hz, 2 H), 6.99 (dm, J = 8.5 Hz, 2 H), 6.76 (dm, J = 9 Hz, 2 H), 6.67 (bs, 1
H, NH), 3.76 (s, 3 H), 2.39 (s, 3 H).
N-(2,4-Dimethoxyphenyl)-p-toluenesulfonamide (Table 3, Entry 6)
Me MeO 02
General Procedure A was followed using L2CuSbF6 (0.0226 mg, 0.0218 mmol), p-
toluenesulfonyl azide (0.750 mL, 0.486 mmol), and dimethoxybenzene (1.2 mL, 9.2
mnmol) in HFIP (0.8 mL). The reaction mixture was heated at 60 oC for 17 h. Column
chromatography using CH2C12 as the eluant afforded the title compound as a white solid,
0.118 g (79 %). The spectral data were in accord with those reported previously. 27 'H
NMR (300 MHz, acetone-d 6): 6 7.56 (d, J = 8.4 Hz, 2 H), 7.44 (d, J = 8.7 Hz, 1 H), 7.17
(d, 7.8 Hz, 2 H), 6.64 (s, 1 H, NH), 6.43 (dd, J = 2.4, 8.7 Hz, 1 H), 6.27 (d, J = 2.4 Hz, 1
H), 3.76 (s, 3 H, OCH3), 3.48 (s, 3 H, OCH3), 2.36 (s, 3 H, PhCH3).
N-(2,4-Dimethoxyphenyl)-a-toluenesulfonamide (Table 3, Entry 7)
MeO /N Ph
's-I/
MeO 02
General Procedure B was followed using L2 CuSbF6 (0.0209 g, 0.0201 mmol), a-
toluenesulfonyl azide (0.0840 g, 0.426 mmol), and dimethoxybenzene (1.00 mL, 7.64
mmol) in HFIP (1.0 mL). The reaction mixture was heated at 80 oC for 51 h. Column
chromatography using CH2Cl2 as the eluant afforded the title compound as a white solid,
0.0936 g (72%). 'H NMR (500 MHz, acetone-d 6) 6 7.45 (s, 1 H), 7.31-7.35 (m, 6 H),
6.65 (d, J = 2.5 Hz, 1 H), 6.52 (dd, J = 2.5, 17 Hz, 1 H), 4.32 (s, 2 H, S0 2-CH2-Ph), 3.87
(s, 3 H, OCH 3), 3.81 (s, 3 H, OCH3). 13C NMR (126 MHz, acetone-d 6): 6 159.5, 153.4,
131.9, 130.8, 129.2, 129.0, 125.6, 120.2, 105.4, 99.8, 58.0, 56.2, 55.9. IR (KBr pellet,
cm-') 3277, 1611, 1507, 1303, 1202,1155, 1124, 1034, 830, 693, 604, 551. Anal. calcd
for C15HI7NO 4S: C, 58.61; H, 5.57. Found: C, 58.56; H, 5.62. M.p.: 125-127 oC
N-(Phenyl)-3,5-bis(trifluoromethyl)benzenesulfonamide (Table 3, Entry 8)
H- CF3
CF3
General Procedure B was followed using L2CuSbF6 (0.0210 g, 0.0202 mmol), 3,5-
bis(trifluoromethyl)benzenesulfonyl azide (0.153 g, 0.479 mmol), and benzene (0.850
mL, 9.52 mmol) in HFIP (1.6 mL). The reaction mixture was heated at 80 oC for 49 h.
Column chromatography using 10:90 ethyl acetate:hexane as the eluant afforded the title
compound as a white solid, 0.1159 g (74%). 'H NMR (300 MHz, acetone-d 6): 6 9.27 (bs,
1 H, NH), 8.34 (s, 1 H, p-H), 8.25 (s, 2 H, o-H), 7.14 (m, 2 H), 7.22 (m, 2 H), 7.12 (m, 1
H). 13C NMR (126 MHz, acetone-d 6): 6 143.2, 137.6, 133.1 (q, J = 34 Hz, CF 3-C),
130.4, 128.5, 127.6 (sept, J= 4 Hz,), 126.8, 123.7 (q, J= 124 Hz, CF3), 123.1. '9F (282.3
MHz, acetone-d 6) -62.9. IR (KBr pellet, cm-') 3254, 1409, 1362, 1345, 1280, 1171,
1145, 1107, 927, 901, 842, 754, 700, 681, 602, 542. Anal. calcd for C14H9F6NO 2S: C,
45.53; H, 2.46. Found: C, 45.70; H, 2.46. M.p.: 88-89 'C
(N-Phenyl)perfluorobutanesulfonamide (Table 3, Entry 9)
S-(n-C4F9)
02
General procedure A was followed using L2CuSbF6 (0.023 g, 0.022 mmol), benzene
(0.85 mL, 9.5 mmol), and perfluorobutanesulfonyl azide (0.075 mL, 0.42 mmol) in HFIP
(1.2 mL). The reaction mixture was heated at 90 'C for 2 days. Column chromatography
using 30:70 hexanes:ethyl acetate as the eluant afforded the title compound as a white
solid, 0.107 g (71 %). 'H NMR (500 MHz, CDC13) 6 7.41 (m, 2 H), 7.33 (m, 3 H), 6.78
(bs, 1H, NH). 13C NMR (126 MHz, CDC13) 6 134.1, 129.9, 127.9, 123.8, 117.3 (qt, J =
33, 288 Hz, CF3), 115.4 (tt, J= 35, 300 Hz), 110.3 (tt, J = 269, 31 Hz), 106.0-111.2 (m).
'
9F NMR (282 MHz, CDC13) 6 -80.9 (CF3), -110.6 (m, CF 2), -121.3 (m, CF2), -126.2
(m, CF2). IR (KBr pellet, cm - ' ) 3275, 2924, 1494, 1418, 1354, 1236, 1178, 1141, 1036,
872, 749, 690. Anal. calcd for CIOH 6F9NSO 2: C, 32.01; H, 1.61. Found: C, 32.22; H,
1.46. M.p.: 63-64 'C (lit.51 63-650C).
Competitive reaction of C6HdC6 D6 with 4-nitrobenzenesulfonyl azide.
Benzene (0.500 mL) and benzene-d 6 (0.500 mL) were mixed in a vial in the glovebox.
The isotopic ratio of the resulting mixture was measured by comparing the parent ion
integral areas (78 m/z and 84 m/z) detected after injecting 10 uL of the headspace vapor
into an Agilent Technologies Model 5973N GC-MS. This solution was then used as the
arene substrate in the synthesis of N-phenyl-4-nitrobenzenesulfonamide (see procedure
above). The resulting ratio of N-(C 6Hs)- to N-(C 6Ds)-4-nitrobenzenesulfonamide product
was determined by comparing the parent ion integral areas of the products (278 and 283
m/z). (The -NH proton exchanges rapidly in solution and during workup.) The
experiment was repeated twice more, and a kH/kD ratio of 1.02 ± 0.25 was calculated.
Table 5. Measurement of the KIE of the amidation of benzene.
C6H6 : 0 6 D6  Product Mixture
Trial m/z = 78 : m/z = 84 m/z=278 : m/z=283 kH/kD
1 48.8 : 51.2 59.1 : 48.1 1.13
2 47.5 : 52.5 45.8 : 54.2 0.99
3 47.5 : 52.5 47.3 : 52.7 0.93
Observation of a deuterium shift during the functionalization of 4-deuteroanisole.
4-Deuteroanisole was used as the arene substrate in the synthesis of N-(2-
methoxyphenyl)-4'-nitrobenzenesulfonamide (E) and N-(4-methoxyphenyl)-4'-
nitrobenzenesulfonamide (F) (Table 3, Entry 3). For the latter product, the resulting ratio
of incorporated deuterium in the position ortho to the C-N bond of N-(2-
methoxyphenyl)-4'-nitrobenzenesulfonamide was determined by comparing the parent
ion integral areas of the products (308 and 309 m/z).
Table 6. Retention of deuterium in par--amidated 4-deuteroanisole.
N-(4-methoxyphenyl)-4'-
nitrobenzenesulfonamide
Trial m/z = 308 : m/z = 309 % deuteration
1 54.2: 45.8 46
2 52.1 :47.9 48
3 54.7 : 45.3 45
4 54.3 : 45.7 46
Amidation of mesitylene by 4-nitrobenzenesulfonyl azide
NNHH NO2
S
I J
The reaction was set up according to general procedure B using L2CuSbF 6 (0.023 g,
0.022 mmol), mesitylene (1.17 mL, 8.42 mmol), and 4-nitrobenzenesulfonyl azide (0.096
g, 0.40 mmol) in HFIP (0.9 mL). The reaction mixture was heated at 80 'C for 34 h, then
cooled to room temperature and stirred with aqueous ammonium acetate solution (10 mL)
for 2 h. Product amounts were assessed by GC-MS and 'H NMR relative to internal
standards. Sulfonamide products were identified by comparison with samples synthesized
independently from 4-nitrobenzenesulfonyl chloride and the corresponding amine.
Products: N-(2,4,6-trimethylphenyl)-4'-nitrobenzenesulfonamide (I) (0.115 mmol, 29%),
N-[(3,5-dimethylphenyl)methyl]-4'-nitrobenzenesulfonamide (J) (0.040 mmol, 10%), 4-
nitrobenzenesulfonamide (0.226 mmol, 57%).
2,9-bis[2',4',6'-tris(trifluoromethyl)phenyl]-1,10-phenanthroline copper(I) triflate
(L2CuOTf)
In the glovebox, 2,9-bis[2',4',6'-tris(trifluoromethyl)phenyl]-1,10-phenanthroline (0.161
g, 0.218 mmol) was dissolved in dry dichloromethane, and a solution of
[CuOTf]z2-toluene (0.572 g, 0.110 mmol) in dichloromethane was added with rapid
stirring. After 1 hr, the solution was passed through a Celite-plugged pipette and
concentrated to dryness. The resulting yellow powder was washed with hexane and dried
overnight under vacuum. (0.115 g, 55%) 'H NMR (500 MHz, CD 2C12 ) 6 8.72 (d, J = 8.1
Hz, 2 H), 8.29 (s, 4 H), 8.22 (s, 2 H), 8.05 (d, J = 8.4 Hz, 2 H). 13C NMR (126 MHz,
CD 2C12 ) 6 153.4, 143.1, 139.4, 138.8, 133.4 (q, J = 34.8), 132.2 (q, J = 31.6), 129.6,
128.3, 128.1 (m), 127.7, 126.3, (OTf peak). 19F NMR (282 MHz, CD 2C12) 6 -60.4 (s, 12
F), -66.3 (s, 6 F), -80.5 (bs, 3 F) Anal. calcd. for C31H6N20 3 SF 2 1Cu: C, 39.07. H, 1.06.
Found: C, 38.86, H, 1.10.
2,9-bis(2',4',6'-trimethylphenyl)-1,10-phenanthroline copper(I) triflate (L'2CuOTf)
The same procedure was followed as above with 2,9-bis(2',4',6'-trimethylphenyl)-1,10-
phenanthroline (0.016 g, 0.039 mmol) and [CuOTf]2.toluene (0.010 g, 0.039 mmol) and
yielded a light orange powder (0.015 mmol, 38%) 'H NMR (500 MHz, CD 2C12) 6 8.61
(d, J = 8.0 Hz, 2 H), 8.08 (s, 2 H), 7.83 (d, J = 8.5 Hz, 2 H), 7.042 (s, 4 H), 2.33 (s, 6 H),
2.05 (s, 12 H). 13C NMR (125.7 MHz, CD 2C12), 160.9, 144.2, 139.2, 138.7, 136.7, 135.6,
128.4, 127.7, 127.5, 126.6, 21.5, 20.7) 19F NMR(282 MHz, CD 3CN) 6 -78.1.
p £ 16 4 pi m
Figure 6. IH spectrum of [2,9-bis(2',4',6'-trimethylphenyl)-1,10-phenanthroline]
copper(I) triflate in CD 3CN.
2
,9 -bis[2',4',6'-tris(trifluoromethyl)phenyl]-1,10-phenanthroline bis(triflate)
[L2*2(HOTf)] L2 (0.096 g, 0.013 mmol) was dissolved in 5 mL CH2C12 in a dry 15 mL
sidearm Schlenk flask. HOTf (0.020 mL, 0.023 mmol) was added via syringe, and the
reaction mixture stirred for 1 h at room temperature. In the glovebox, the reaction mixture
was filtered and the filter cake washed with additional CH2C12 (3 mL). The resulting
product was dried overnight at 80 TC under vacuum, affording the title compound as an
off-white solid (0.090 g, 74%). 'H NMR (300 MHz, CD 3CN) 8 15.01 (br s, 1 H) 8.16-
9.8 (10 H) 19F NMR (282 MHz, CD 3CN) 8 -58.8 (br s, 12 F), -64.1 (br s, 6 F), -79.6 (s,
6 F).
S 5 14 13 12 11 10 g .7 ; 7 4 3 .
16 Is 14 13 12 it 18 9 8 7 6 S 4 3 2
-56 -58 -60 -62 -64 -66 -68 -76 -72 -74 -76 -i8 -88 ppM
Figure 7. 'H and '9F NMR spectra of (L2.2HOTf) in CD3CN.
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